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Abstract

Abstract
Huntington’s disease (HD) is a debilitating late-onset neurodegenerative disorder characterised by
symptoms crossing motor, cognitive and behavioural faculties. Its cause is an expanded
polyglutamine coding repeat within exon 1 of the IT15 gene. Despite isolation of the mutation more
than 20 years ago, the molecular mechanisms underlying pathogenesis in HD remain poorly
understood and there is no effective treatment that can prevent or delay its onset or progression.
The aim of the research described in this thesis was to investigate HD using sheep as a model. Our
laboratory previously generated a transgenic HD sheep (OVT73) in order to provide a large
mammalian model for investigating the natural history of HD including its presymptomatic phase
and for therapeutic testing. The results of this thesis describe molecular analyses of the OVT73
sheep. Candidate gene expression studies revealed changes in mRNA levels of several end-stage HD
marker genes in the 6 month old striatum. In addition, RNA-Seq analysis of motor cortex tissue led
to the generation of an annotated sheep brain transcriptome. Metabolite studies also revealed OVT73
specific differences. A number of fatty acids and amino acids were differentially abundant in
cerebellum and liver tissue from 5 year old OVT73 sheep. Moreover, striking transgene-specific
differences in the correlation of abundances for metabolite pairs were identified which suggested
tightened co-regulation of metabolite abundance in the 5 year old OVT73 samples. Metabolite
signatures were identified which discriminated between OVT73 and wild-type samples of 5 year old
cerebellum and liver. Together these findings provide insight into metabolic dysfunction in HD.
Finally in this research, the insertion of expanded CAG repeats into the endogenous huntingtin gene
of a sheep fibroblast cell line mediated by zinc-finger nucleases constituted the first step towards
making a second generation HD sheep; a knock-in model.
The ability to investigate HD in large animals which accurately recapitulate the genetic basis of HD
may provide new insight into the molecular mechanism of HD, particularly the early presymptomatic
stage for which little is currently known. In turn, this may provide unique opportunities for the
development of disease-modifying therapies and their progress to the clinic.

ii

This thesis is dedicated to Eileen (Nana) Handley
(31/08/1912 – 06/06/2014)

Acknowledgements

Acknowledgements
I would like to take the opportunity to acknowledge the funding bodies that support the transgenic
HD sheep project; Cure Huntington’s disease Initiative and the Freemasons of NZ. I have also been
fortunate to have received personal funding from the University of Auckland Doctoral Scholarship
and Auckland Medical Research Foundation Senior scholarship, which I am especially grateful for.
I am indebted to my supervisors Professor Russell Snell, Dr Suzanne Reid, Professor Richard Faull
and Dr Henry Waldvogel for their knowledge and support during my PhD. As an undergraduate
student I was so inspired by the enthusiasm with which Richard talked about the brain and knew then
and there who I wanted to work with. To Suzanne and Russell, words cannot express the gratitude I
have for your wisdom, teaching, and especially your patience over the last 4-5 years. You have both
influenced me in so many ways, and I am both a better and more knowledgeable person for it. How
are those oxytocin levels now!?
Special thanks must go to those who contributed to the analysis of the data presented in this thesis.
Peter Tsai (UoA, Bioinformatics Institute) performed all bioinformatic analysis of the RNA-Seq data
and has been so accommodating and patient with our queries. Yuri Zubenko (UoA, CGPM)
generated the R-script for the ‘new and improved’ automated metabolite analysis pipeline. Vladimir
Obolonkin (Statistician, Livestock Improvement Corporation) provided much appreciated advice and
reassurance regarding statistical analysis. I am very lucky to have worked with such talented and
motivated individuals and have certainly learnt something new from each of you.
I would like to thank my fellow lab members as well as the wider Centre for Brain Research, who are
such a talented and ‘unique’ bunch and make showing up every day easy. Special thanks to Kristen
Henty for her thoughtful comments relating to several chapters in this thesis and to Dave Greenwood
for his eye for detail regarding metabolite analysis.
Finally, thank you to my amazing friends, family and partner Andrew for their love and support;
particularly mum and dad who have lived and breathed the up’s and downs of this journey almost as
if they had been in the lab themselves. I couldn’t have done this without you.

iv

Table of Contents

Table of Contents
ABSTRACT ..........................................................................................................................................ii
ACKNOWLEDGEMENTS ............................................................................................................... iv
TABLE OF CONTENTS .................................................................................................................... v
LIST OF FIGURES ............................................................................................................................ xi
LIST OF TABLES ............................................................................................................................xiii
ABBREVIATIONS ............................................................................................................................ xv
1.

CHAPTER ONE Literature review and Introduction............................................................... 1
1.1. Overview ..................................................................................................................................... 1
1.2. Review of literature ..................................................................................................................... 1
1.2.1. Clinical features of HD ......................................................................................................... 1
1.2.2. Genetic aetiology .................................................................................................................. 3
1.2.3. Neuropathology of the HD Brain ......................................................................................... 4
1.2.4. The Huntingtin protein ......................................................................................................... 9
1.2.5. Therapeutic strategies ......................................................................................................... 14
1.2.6. Factors limiting successful therapeutic development ......................................................... 16
1.2.7. Animal models of HD......................................................................................................... 17
1.2.8. Molecular profiling and the search for biomarkers ............................................................ 26
1.3. Introduction ............................................................................................................................... 32
1.3.1. Aims and objectives............................................................................................................ 34

2.

CHAPTER TWO General materials and methods .................................................................. 35
2.1. General materials....................................................................................................................... 35
2.1.1. Plasmid vectors used in this research ................................................................................. 35
2.1.2. Chemicals and reagents used in this research ..................................................................... 36
2.1.3. Buffers and media ............................................................................................................... 37
2.2. General Methods ....................................................................................................................... 37
2.2.1. Software programmes and databases used ......................................................................... 37
2.2.2. DNA/RNA quantification ................................................................................................... 38
2.2.3. Gel electrophoresis of DNA ............................................................................................... 39
2.2.4. DNA sequencing................................................................................................................. 39
2.2.5. Animal samples used in this thesis ..................................................................................... 39
v

Table of Contents

2.2.6. Brain tissue sampling.......................................................................................................... 42
2.2.7. Sampling of Peripheral tissues ........................................................................................... 47
2.2.8. RNA extraction ................................................................................................................... 47
2.2.9. First strand cDNA synthesis ............................................................................................... 48
2.2.10. Real-time PCR .................................................................................................................. 49
2.2.11. RNA-Sequencing (RNA-Seq) .......................................................................................... 55
2.2.12. Gas-Chromatography Mass Spectrometry........................................................................ 56
2.2.13. Genomic DNA extraction from the 2D636 cell line......................................................... 58
2.2.14. PCRs on sheep genomic DNA.......................................................................................... 58
2.2.15. Cloning ............................................................................................................................. 59
2.2.16. Cell Culture....................................................................................................................... 60
3.

CHAPTER THREE End-stage HD marker gene expression in the OVT73 sheep brain ...... 62
3.1. Overview ................................................................................................................................... 62
3.2. General aim ............................................................................................................................... 64
3.3. Specific aims ............................................................................................................................. 64
3.4. Methods ..................................................................................................................................... 64
3.4.1. Tissue samples assessed ..................................................................................................... 64
3.4.2. Genes assessed .................................................................................................................... 65
3.4.3. RNA extraction and first strand cDNA synthesis ............................................................... 65
3.4.4. Real-time PCR experiments performed .............................................................................. 66
3.5. Results ....................................................................................................................................... 68
3.5.1. Assessment of sampling parameters for the sheep cohorts ................................................ 68
3.5.2. Performance of end-stage HD marker real time PCR assays ............................................. 69
3.5.3. HD marker gene expression in the 6 month old cohort ...................................................... 71
3.5.4. HD marker gene expression in the 5 year old cohort ......................................................... 79
3.6. Discussion ................................................................................................................................. 83
3.6.1. Differential HD marker gene expression in the 6 month old anterior striatum .................. 83
3.6.2. 6 month old anterior striatum subsample variability .......................................................... 86
3.6.3. Methodology improvements and HD marker gene expression in the 5 year old cohort .... 86
3.6.4. Limitations of this study ..................................................................................................... 87
3.7. Summary & conclusions ........................................................................................................... 88

4.

CHAPTER FOUR RNA-Seq analysis of OVT73 sheep brain tissue....................................... 89
4.1. Overview ................................................................................................................................... 89
4.2. General Aim .............................................................................................................................. 91
vi

Table of Contents

4.3. Specific aims ............................................................................................................................. 91
4.4. Methods ..................................................................................................................................... 91
4.4.1. The 18 month old RNA-Seq study ..................................................................................... 91
4.4.2. RNA-Seq analysis of the 5 year old anterior striatum ........................................................ 93
4.5. Results ....................................................................................................................................... 94
4.5.1. De novo assembly of a sheep brain transcriptome ............................................................. 94
4.5.2. RNA-Seq analysis of 5 year old OVT73 sheep striatal tissue .......................................... 102
4.6. Discussion ............................................................................................................................... 106
4.6.1. De novo assembly of a sheep brain transcriptome ........................................................... 106
4.6.2. Differential expression analysis indicated the motor cortex transcriptomes were not of
quantitative value ........................................................................................................................ 107
4.6.3. What is required for quantitative de novo transcriptome assembly? ................................ 109
4.6.4. Candidate gene analysis of 5 year old RNA-Seq data indicates full length transcripts and
quantitative accuracy .................................................................................................................. 110
4.7. Summary and conclusions ....................................................................................................... 111
5.

CHAPTER FIVE Metabolite profiling of the OVT73 sheep ................................................. 113
5.1. Overview ................................................................................................................................. 113
5.2. General aim ............................................................................................................................. 115
5.3. Specific aims ........................................................................................................................... 115
5.4. Methods ................................................................................................................................... 115
5.4.1. Sample collection ............................................................................................................. 115
5.4.2. Extraction of metabolites .................................................................................................. 116
5.4.3. Derivatisation and GC-MS ............................................................................................... 116
5.4.4. Manual integration of GC-MS data .................................................................................. 117
5.4.5. Statistical analysis............................................................................................................. 117
5.5. Results ..................................................................................................................................... 118
5.5.1. A pilot study of GC-MS on 18 month old sheep plasma.................................................. 118
5.5.2. GC-MS analysis of 3 year old sheep plasma .................................................................... 119
5.5.3. Manual integration and interrogation of the automated pipeline ..................................... 122
5.5.4. Analysis of 3 year old plasma manually integrated GC-MS data .................................... 127
5.5.5. Development of an improved automated pipeline ............................................................ 131
5.5.6. GC-MS analysis of 6 month old sheep brain and liver tissues ......................................... 134
5.5.7. Metabolite co-regulation in the GC-MS datasets ............................................................. 137
5.6. Discussion ............................................................................................................................... 143
vii

Table of Contents

5.6.1. A pilot study of 18 month old sheep plasma .................................................................... 143
5.6.2. Defects identified in the automated analysis pipeline. ..................................................... 144
5.6.3. Sex-specific metabolite differences in 3 year old plasma ................................................ 144
5.6.4. Re-development of the automated analysis pipeline ........................................................ 145
5.6.5. Differential metabolite correlation in 6 month old OVT73 .............................................. 146
5.7. Summary & conclusions ......................................................................................................... 149
6.

CHAPTER SIX Metabolite profiling of the 5 year old sheep ................................................ 150
6.1. Overview ................................................................................................................................. 150
6.2. General aim ............................................................................................................................. 151
6.3. Specific aims ........................................................................................................................... 151
6.4. Methods ................................................................................................................................... 151
6.4.1. Samples assessed .............................................................................................................. 151
6.4.2. Metabolite extraction ........................................................................................................ 151
6.4.3. Derivatisation and GC-MS ............................................................................................... 152
6.4.4. Statistical analysis............................................................................................................. 152
6.5. Results ..................................................................................................................................... 153
6.5.1. Quality assessment of the 5 year old GC-MS data ........................................................... 153
6.5.2. Differential metabolite abundance.................................................................................... 155
6.5.3. Correlation of differentially abundant metabolites ........................................................... 159
6.5.4. Correlation of all metabolites in the 5 year old GC-MS data ........................................... 161
6.6. Discussion ............................................................................................................................... 175
6.6.1. Differential metabolite abundance in the 5 year old OVT73 cerebellum and liver.......... 175
6.6.2. Transgene-altered metabolite correlations in liver and cerebellum.................................. 182
6.6.3. OVT73 specific metabolite signatures ............................................................................. 185
6.7. Summary and conclusions ....................................................................................................... 186

7.

CHAPTER SEVEN Towards a knock-in sheep model of Huntington’s disease .................. 187
7.1. Overview ................................................................................................................................. 187
7.2. Zinc finger nucleases ............................................................................................................... 189
7.3. General Aim ............................................................................................................................ 191
7.4. Specific aims ........................................................................................................................... 191
7.5. Methods ................................................................................................................................... 191
7.5.1. Research strategy .............................................................................................................. 191
7.5.2. Sources of DNA................................................................................................................ 193
7.5.3. Generation of the donor construct .................................................................................... 193
viii

Table of Contents

7.5.4. Cell culture experiments ................................................................................................... 195
7.6. Results ..................................................................................................................................... 197
7.6.1. Isolating the huntingtin gene for donor construct generation ........................................... 197
7.6.2. Modification of the ovine huntingtin clones ..................................................................... 201
7.6.3. Commercial synthesis of an expanded CAG repeat tract ................................................. 204
7.6.4. Preparation for transfection of the donor construct .......................................................... 207
7.6.5. ZFN-mediated knock-in of the donor construct ............................................................... 210
7.7. Discussion ............................................................................................................................... 217
7.7.1. Generation of a donor construct carrying 100 CAG repeat units ..................................... 217
7.7.2. ZFN mediated knock-in of the donor construct................................................................ 218
7.7.3. Future directions ............................................................................................................... 220
7.8. Summary ................................................................................................................................. 221
8.

CHAPTER EIGHT General discussion ................................................................................. 222
8.1. Overview ................................................................................................................................. 222
8.2. Major research outcomes ........................................................................................................ 223
8.2.1. End-stage HD marker genes expression were tested in the OVT73 sheep brain, with some
changes identified ....................................................................................................................... 223
8.2.2. A sheep brain transcriptome was generated from RNA-Seq data .................................... 225
8.2.3. 5 year old RNA-Seq analysis confirmed results from real-time PCR analysis of end-stage
HD marker genes ........................................................................................................................ 226
8.2.4. OVT73 specific metabolite differences were detected in the 5 year old liver and
cerebellum .................................................................................................................................. 226
8.2.5. Transgene-altered metabolite abundance correlations were detected, constituting OVT73
specific metabolic signatures ...................................................................................................... 227
8.2.6. Is a sheep model relevant for studying metabolic defects of HD? ................................... 230
8.2.7. Methodological developments and considerations ........................................................... 231
8.2.8. Steps towards a knock-in sheep model of HD .................................................................. 234
8.3. Future directions ...................................................................................................................... 235
8.3.1. Pursue leads from the GC-MS studies .............................................................................. 235
8.3.2. Continue molecular analysis of the OVT73 sheep model ................................................ 236
8.3.3. Integrate OVT73 line molecular datasets ......................................................................... 237
8.3.4. Generate a knock-in HD sheep model .............................................................................. 238
8.4. Concluding remarks ................................................................................................................ 241

APPENDIX I .................................................................................................................................... 242
APPENDIX II ................................................................................................................................... 246
ix

Table of Contents

APPENDIX III ................................................................................................................................. 261
APPENDIX IV ................................................................................................................................. 270
List of references .............................................................................................................................. 282

x

List of Figures

List of Figures
Figure 1.1 Anatomical structures of the basal ganglia. .......................................................................... 5
Figure 1.2 Direct and indirect projection pathways of the basal ganglia. .............................................. 7
Figure 1.3 Comparative anatomy of human, ovine and rat brain. ....................................................... 32
Figure 1.4 Gross anatomy of the wild-type ovine basal ganglia.......................................................... 33
Figure 2.1 Overview of the brain blocking procedure used during sample collection. ....................... 43
Figure 2.2 Sub-sampling of anterior striatum and hippocampus regions of the sheep brain............... 44
Figure 2.3 Lateral view of sheep brain showing sub-sampling of occipital pole and frontal pole
regions. ................................................................................................................................................. 45
Figure 2.4 Superior view of sheep brain showing sub-sampling of the motor cortex region. ............. 46
Figure 3.1 HD marker gene expression in the 6 month old anterior striatum. .................................... 72
Figure 3.2 HD marker gene expression in the 6 month old ram anterior striatum .............................. 74
Figure 3.3 HD marker gene expression in two sets of subsamples from the 6 month old anterior
striatum. ............................................................................................................................................... 77
Figure 3.4 Amplification curves for reference gene assays used to assess the 5 year old cohort. ....... 80
Figure 3.5 DRD1 expression in 5 year old motor cortex ram samples. ............................................... 83
Figure 4.1 Frequency distribution of contig lengths assembled from 18 month old sheep motor cortex
RNA-Seq data. ..................................................................................................................................... 95
Figure 4.2 5 year old anterior striatum RNA-Seq reads mapping to the CNR1 gene. ....................... 105
Figure 5.1 Relative abundance of proline in 18 month OVT73 plasma samples compared to WT. . 119
Figure 5.2 Identification of alanine by GC-MS in 3 year old plasma................................................ 123
Figure 5.3 Identification of leucine and isoleucine by GC-MS in 3 year old plasma........................ 125
Figure 5.4 Identification of aspartic acid and citric acid by GC-MS in 3 year old plasma. .............. 126
Figure 5.5 Identification of methionine by GC-MS in 6 month old liver. ......................................... 135
Figure 5.6 Identification of Erucic acid by GC-MS in 6 month old cerebellum. .............................. 136
Figure 5.7 Correlation of isoleucine and leucine in GC-MS data from 6 month old tissues. ............ 139
Figure 5.8 Correlation of 2-aminoadipic acid and tyrosine in the 6 month old cerebellum GC-MS
data. .................................................................................................................................................... 141
Figure 5.9 Reactions of the urea cycle. .............................................................................................. 147
Figure 6.1 Metabolites with differential abundance in 5 year old OVT73 liver and cerebellum GCMS data. ............................................................................................................................................. 158
Figure 6.2 Pair-wise correlations of differentially abundant metabolites in the 5 year old cerebellum.
............................................................................................................................................................ 160
Figure 6.3 Scatter plots of metabolites with ‘transgene-altered’ abundance correlations in the 5 year
old liver. ............................................................................................................................................. 165
Figure 6.4 Scatter plots of metabolites within ‘transgene-altered’ abundance correlations in the 5 year
old cerebellum. ................................................................................................................................... 166
Figure 6.5 Overlapping nodes of ‘transgene-altered’ abundance correlations in the 5 year old liver.
............................................................................................................................................................ 169
xi

List of Figures

Figure 6.6 Overlapping nodes of ‘transgene-altered’ abundance correlations in the 5 year old
cerebellum. ......................................................................................................................................... 172
Figure 6.7 Metabolism of glucogenic amino acids threonine, glycine, serine and cysteine. ............. 181
Figure 7.1 Zinc finger nuclease mediated homologous recombination. ............................................ 190
Figure 7.2 Location of zinc finger nuclease recognition sites in sheep huntingtin genomic DNA. .. 192
Figure 7.3 Donor construct design. .................................................................................................... 193
Figure 7.4 Strategy for generating huntingtin homology arms with CAG repeat termini. ................ 198
Figure 7.5 5’ and 3’ Sheep huntingtin homology arms. .................................................................... 200
Figure 7.6 Restriction digest identified clones containing OvHttDown and CMV-Pac ligation
product. .............................................................................................................................................. 202
Figure 7.7 Schematic of the OvHttDown-Pac plasmid. .................................................................... 203
Figure 7.8 Generation of the donor construct by ligation of OvHtt_100Q into OvHttDown-Pac. ... 205
Figure 7.9 PCR screen of clones resulting from ligation of the expanded CAG repeat into the
OvHttDown-Pac plasmid................................................................................................................... 206
Figure 7.10 GFP plasmid expression following Nucleofection™ of the sheep fibroblast cell line. . 209
Figure 7.11 Primer used to screen for donor construct integration.................................................... 212
Figure 7.12 PCR screen detecting transfected donor construct in the sheep fibroblast cell line. ...... 213
Figure 7.13 PCR screen detecting targeted integration of the donor construct 3’ termini in the sheep
fibroblast cell line. ............................................................................................................................. 214
Figure 7.14 PCR screen detecting targeted integration of the donor construct 5’ termini into the sheep
fibroblast cell line. ............................................................................................................................. 216
Figure 8.1 Overlapping nodes of ‘transgene-altered’ correlations in the 5 year old cerebellum
(excerpt). ............................................................................................................................................ 229

xii

List of Tables

List of Tables
Table 2.1 Plasmid vectors used in this research. ................................................................................. 35
Table 2.2 Sampling details for the 6 month and 5 year old sheep cohorts. ......................................... 40
Table 2.3 Status and sex of 3 year old plasma samples used for metabolite analysis. ........................ 41
Table 2.4 Real-time PCR assays used in chapter three of this thesis. ................................................. 51
Table 2.5 Real-time PCR assays used in chapter four of this thesis. ................................................... 53
Table 3.1 HD marker genes and sheep brain regions assessed by real-time PCR. .............................. 65
Table 3.2 HD marker gene real-time PCR assay amplification efficiencies. ...................................... 70
Table 3.3 Average relative HD marker gene expression in the 6 month old anterior striatum. .......... 71
Table 3.4 HD marker gene expression in two subsample sets from 6 month old anterior striatum. ... 75
Table 3.5 Average relative HD marker gene expression in the 6 month old frontal pole. .................. 78
Table 3.6 Average relative HD marker gene expression in 5 year old cohort brain tissues. ............... 82
Table 4.1 Summary of de novo assembly, annotation and quantification of 18 month old sheep motor
cortex RNA-Seq data. .......................................................................................................................... 96
Table 4.2 Transcripts of interest from 18 month old sheep motor cortex RNA-Seq (filter 1). ........... 97
Table 4.3 Transcripts of interest from 18 month old sheep motor cortex RNA-Seq (filter 2). ........... 98
Table 4.4 Real-time PCR analysis of transcripts of interest from 18 month old motor cortex RNASeq........................................................................................................................................................ 99
Table 4.5 Retrospective analysis of transcript coverage in the 18 month old motor cortex RNA-Seq
data. .................................................................................................................................................... 101
Table 4.6 Comparison of candidate gene expression in the 5 year old anterior striatum as assessed by
RNA-Seq and real-time PCR. ............................................................................................................ 104
Table 5.1 Differential metabolite abundance between duplicate 3 year old plasma GC-MS sample
sets...................................................................................................................................................... 121
Table 5.2 Replication of metabolite quantification compared between GC-MS analysis methods. . 128
Table 5.3 Differentially abundant metabolites in 3 year old plasma ................................................. 130
Table 5.4 Sex-specific differential metabolite abundance in 3 year old plasma GC-MS data. ......... 131
Table 5.5 Differentially abundant metabolites in 3 year old plasma GC-MS data as measured by
manual and automated analysis pipelines. ......................................................................................... 133
Table 5.6 Strong pair-wise metabolite correlations in GC-MS data from sheep samples. ................ 138
Table 5.7 ‘Transgene-altered’ metabolite abundance correlations in the 6 month old liver. ............ 142
Table 5.8 Pair-wise correlation of pyroglutamic acid, N-acetyl-glutamic acid, histidine and
glutathione in the 6 month old liver GC-MS data.............................................................................. 142
Table 6.1 Differential metabolite abundance in 5 year old brain and liver tissue GC-MS data. ....... 156
Table 6.2 Strong metabolite abundance correlations in 5 year old sheep brain and liver tissues. ..... 162
Table 6.3 ‘Transgene-altered’ metabolite abundance correlations in 5 year old liver and cerebellum.
............................................................................................................................................................ 163
Table 6.4 ‘Shared’ correlations of metabolites forming major nodes of ‘transgene-altered’
correlations in the 5 year old cerebellum. .......................................................................................... 171
Table 7.1 Dose response of the sheep fibroblast cell line to puromycin. .......................................... 208
xiii

List of Tables

Table 7.2 Amounts of donor construct and ZFNs used for transfection of the sheep fibroblast cell
line...................................................................................................................................................... 210

xiv

Abbreviations

Abbreviations
Amp
BAC
BDNF
BLAST
bp
cAMP
CANX
cDNA
CGPM
CLTC
CMV
CNR1
d4-alanine
DARPP-32
DMSO
DNA
dNTP
DRD1
DRD2
EIF4A2
EST
GABA
GABAARα1
GC-MS
GFAP
GFP
GMFB
H2AFY
HD
HD
HPCAL4
Htt
kb
kDa
LB
MCF
MRI
mRNA
MSN

Ampicillin
Bacterial artificial chromosome
Brain derived neurotrophic factor
Basic local alignment search tool
base pair
Cyclic adenosine monophosphate
Calnexin
copy deoxyribonucleic acid
Centre for Genomics Proteomics and Metabolomics
Clathrin heavy chain
Cytomegalovirus
Cannabinoid receptor subtype 1
2,3,3,3-d4-alanine (deuterium labelled alanine)
Dopamine and cAMP regulated phosphoprotein (32 kDa)
Dimethyl sulfoxide
Deoxyribonucleic acid
Deoxyribonucleoside triphosphate
Dopamine receptor subtype 1
Dopamine receptor subtype 2
Eukaryotic initiation factor 4A2
Expressed sequence tag
gamma-aminobutyric acid
gamma-aminobutyric acid receptor A, subunit alpha 1
Gas chromatography-mass spectrometry
Glial fibrillary acidic protein
Green fluorescent protein
glial maturation factor β
Histone family Y member 2A
Huntington’s disease
Huntington’s disease gene
Hippocalcin like 4
Huntingtin protein
Kilobase
Kilodalton
Luria-Bertani
Methyl chloroformate
Magnetic resonance imaging
Messenger ribonucleic acid
Medium spiny neuron
xv

Abbreviations

NCBI
NTC
PBS
PENK
PCR
PGM2
PTGES3
PTGDS
RNA
RPKM
RPS18
RSE
RT-PCR
SARDI
SCN3B
SCNT
SNP
TBE
U
UoA
USP1
WT
YAC
ZFN

National Centre for Biotechnology Information
No template control
Phosphate buffered saline
Proenkephalin
Polymerase chain reaction
Phosphoglucomutase 2
Prostaglandin E synthase
Prostaglandin D2 synthase 21 kDa
Ribonucleic acid
Reads Per Kilobase of exon model per Million reads mapped
Ribosomal protein 18S
Relative standard error of the mean
Reverse transcription polymerase chain reaction
South Australian Research and Development Institute
Type III voltage-gated sodium channel beta subunit
Somatic cell nuclear transfer
Single nucleotide polymorphism
Tris buffered Ethylenediaminetetraacetic acid
Units
University of Auckland
Ubiquitin specific peptidase 1
Wild-type
Yeast artificial chromosome
Zinc finger nuclease

xvi

Chapter one

Literature review and introduction

1. Chapter one
Literature review and Introduction
1.1. Overview
In 1872 physician George Huntington described a form of chorea that was rare, hereditary, and
manifested in mid-life, “…coming on gradually but surely… until the hapless sufferer is but a
quivering wreck of his former self”. His paper, ‘On Chorea’ gives the first full description and
delineation of the devastating neurodegenerative disorder we know as Huntington’s disease
(Huntington, 1872).
Despite identification of the gene and mutation over 20 years ago (Huntington's Disease Research
Collaborative Group, 1993), the pathogenic mechanism through which the symptoms of
Huntington’s disease (HD) arise remain poorly understood. To date there is no effective treatment for
this debilitating and relentless disease. The study of HD in human subjects is problematic due to its
late onset, as well as patient to patient variation in the onset and presentation of symptoms. Animal
models are therefore used widely to study the disorder.
This thesis describes the investigation of HD using sheep as a model, focused primarily on molecular
studies of the transgenic OVT73 line. In the final chapter, research undertaken towards creating a
second generation HD sheep model is also presented.
Chapter 1 will begin by reviewing literature in the HD field including its natural history, pathogenic
mechanisms, potential therapeutic strategies and existing animal models. The chapter will conclude
with an introduction to the OVT73 sheep line and a description of the aims of this research.

1.2. Review of literature
1.2.1. Clinical features of HD
Huntington’s disease most commonly manifests as a late-onset disorder with symptom presentation
in an individual’s 4th or 5th decade, but varies from early childhood to old age (reviewed in Nance &
1
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Myers, 2001). It is most prevalent in western populations, afflicting 4 - 10 in every 100,000 people
(reviewed in Ross & Tabrizi, 2011).
Clinically, HD is characterized by a triad of symptoms crossing motor, cognitive and behavioural
faculties. The hallmark symptom is chorea; a hyperkinetic, “state of excessive spontaneous
movement….” (Huntington, 1872). Chorea may begin as mild restlessness, progress to an unstable
dance-like gait and ultimately to a continuous flow of movements which cease only during sleep.
Other motor abnormalities including bradykinesia, dysarthria, dystonia, rigidity, and dysphagia are
also common, particularly in more advanced disease stages (Kirkwood et al., 2001).
Cognitive decline may be evident as deficits in executive functions such as working memory,
planning and cognitive flexibility. Short- and long-term memory can also be affected (Kirkwood, et
al., 2001). Additionally, patients may display behavioural and emotional changes including social
dis-inhibition, aggression, chronic depression and sleep disturbance (Kirkwood, et al., 2001).
The appearance and progression of symptoms is highly variable between individuals. Initial deficits
may be mild, but these invariably worsen over time to the point where the individual is no longer
able to participate in the normal activities of daily life. Death, due to complications of the disease
such as aspiration pneumonia or cardiovascular disease, usually ensues within 15-20 years of
symptom onset (Ross & Tabrizi, 2011). Suicide is also a common cause of death, both in patients
and individuals at risk of developing the disease (Almqvist et al., 1999).
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1.2.2. Genetic aetiology
1.2.2.1. An expanded CAG repeat in the HD gene
HD is an inherited disorder caused by a single genetic mutation. The HD locus was localised to the
short arm of chromosome 4 (4p16.3) in 1983. It was one of the first disease-associated loci to be
mapped using restriction length fragment polymorphisms (Gusella et al., 1983). An international
collaboration subsequently identified ‘interesting transcript 15’ as arising from a novel gene at the
HD locus. The expansion of a stretch of repeated CAG trinucleotides within the gene was identified
as the causative mutation for HD (Huntington's Disease Research Collaborative Group, 1993).
The HD gene contains 67 exons spanning 180 kb (Ambrose et al., 1994) and encodes a large protein
of 3144 amino acids with a 348 kDa predicted molecular mass. The protein has been named
huntingtin (Huntington's Disease Research Collaborative Group, 1993; Sharp et al., 1995). The CAG
repeat expanded in HD is located within exon 1 and encodes a stretch of glutamine amino acids (a
polyglutamine repeat).
In unaffected individuals the CAG repeat ranges in length from 9-35 units, with an average of ~18
(Snell et al., 1993). HD occurs in individuals with 36 or more repeats, although between 36-39 units
there is incomplete penetrance (Rubinsztein et al., 1996). Repeat length is thought to account for 4070 % of variability in the age at onset of HD (The U.S.–Venezuela Collaborative Research Project &
Wexler, 2004), with longer repeats associated with earlier onset (Andrew et al., 1993; Duyao et al.,
1993; Snell, et al., 1993). Juvenile-onset HD tends to occur above 60 CAG repeats (Nance & Myers,
2001). The remaining variation in age of onset is yet to be explained, but is likely due to genetic and
environmental modifying factors. Repeat length appears unable to predict the type of symptoms a
patient will experience, since monozygotic twins with identically expanded repeat lengths have been
described with highly divergent symptoms (Georgiou et al., 1999; Panas et al., 2008).
Inheritance of HD is autosomal dominant as the child of someone with HD has a 50 % chance of
inheriting the disease allele. Transmission may also be influenced by a phenomenon called paternal
anticipation where the mutant allele CAG repeat can expand on paternal transmission, resulting in a
longer repeat length in the child and earlier symptom onset. Anticipation is thought to be caused by
instability of the CAG repeat tract during spermatogenesis (Duyao, et al., 1993; Telenius et al.,
1994).
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1.2.2.2. The Trinucleotide Repeat Disorders
HD belongs to a growing list of disorders caused by the expansion of trinucleotide repeat tracts, all
of which are associated with neurological dysfunction (reviewed in Cummings & Zoghbi, 2000). The
trinucleotide repeat disorders can be divided into two broad subclasses. The first includes diseases
where the expanded repeat is present within non-coding sequences, e.g. Fragile X syndrome
(FRAXA), Fragile XE mental retardation (FRAXE), Friedrich ataxia (FRDA), Myotonic dystrophy
(DM), Spinocerebellar ataxia (SCA) type 8 and type 12 (SCA12). These are caused by large and
variable expansions in CGG, GCC, GAA, CTG, and CAG repeat sequences. HD fits within the
second subclass; specific to disorders caused by CAG repeat expansions in coding sequences (the
polyglutamine repeat disorders). Also in this group are Spinobulbar muscular atrophy (SBMA;
Kennedy’s disease), Dentatorubral-pallidoluysian atrophy (DRPLA), SCA1, SCA2, SCA3
(Machado-Joseph disease), SCA6, SCA7, SCA8 and SCA17. SCA8 actually fits within both
subclasses because two genes (ATXN8 and ATXN8OS) span the expanded trinucleotide repeat. Bidirectional expression at the SCA8 locus generates a non-coding transcript with a CUG expansion
(from ATXN8OS) and a protein expressing a CAG repeat expansion (from ATXN8) (Moseley et al.,
2006).
Although the mutant protein differs in each case, the polyglutamine repeat disorders have several
features in common including autosomal dominant inheritance (with the exception of Kennedy’s
disease which is X-linked), mid-life onset (with higher CAG repeat number correlating with disease
severity and age of onset) and a progressive neurological phenotype (Cummings & Zoghbi, 2000).
The similarities suggest a common polyglutamine repeat dependent disease mechanism.

1.2.3. Neuropathology of the HD Brain
1.2.3.1. Dysfunction and degeneration of the basal ganglia
Neuronal dysfunction and degeneration occurs in the HD brain, particularly its basal ganglia. The
basal ganglia are a set of interconnected subcortical nuclei in the centre of the brain, consisting of the
striatum, globus pallidus (GP), subthalamic nucleus (STN) and substantia nigra (SN) (Figure 1.1).
Together the basal ganglia regulate the generation of voluntary and involuntary movement based on
input from the overlying cortex. They also coordinate with the limbic system to enable more
complex responses (Harper, 1996). The striatum is the major integrative centre of the basal ganglia
and is composed of the caudate nucleus, putamen and ventral striatum (where caudate nucleus and
putamen join in the anterior striatum). The striatum receives excitatory input from the cortex and
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projects through the GP, STN and SN to the thalamus (Figure 1.1). The thalamus in turn is a major
relay centre for fibres stretching to and from the cortex (Albin et al., 1989).

Figure 1.1 Anatomical structures of the basal ganglia.
A schematic is shown of a coronal section through the human brain at the level of striatum and globus
pallidus, with major basal ganglia nuclei present at this level highlighted. SNc = substantia nigra pars
compacta, SNr = substantia nigra pars reticulata, GPe = globus pallidus externus, GPi = globus pallidus
internus. Striatum components at this level are caudate nucleus and putamen.

The striatum is typically the structure most severely affected by cell loss in HD (Graveland et al.,
1985; Vonsattel et al., 1985). Reasons for this selectivity remain poorly understood, although
demonstration that striatal cells show greater somatic CAG repeat tract length variability than other
regions of the brain has been proposed to contribute (Kennedy et al., 2003; Shelbourne et al., 2007).
An impairment of energy metabolism has also been implicated since systemic administration of the
electron transport chain inhibitor 3-nitropropionic acid (a complex II/succinate dehydrogenase
inhibitor) causes a similar pattern of selective striatal cell death in rodents (Beal et al., 1993).
Medium spiny projection neurons (MSNs) of the striatum appear to be particularly vulnerable. These
neurons utilise inhibitory gamma-aminobutyric acid (GABA) as their primary neurotransmitter and
comprise the majority of all striatal neurons (Albin, et al., 1989). Several types of interneuron make
up the remainder. For reasons unknown the interneurons appear to be relatively spared in HD
(Ferrante et al., 1985).
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The extent of MSN loss in the striatum varies between individuals and this is described in a
pathological grading system deduced for HD by Vonsattel and colleagues. Using post-mortem tissue
from 163 clinically diagnosed patients, 5 pathological grades of HD were proposed based on the
extent of striatal degeneration; from grade 0 with no gross or microscopic cell loss, to grade 4 where
as much as 95 % of caudate nucleus neurons were lost and astrocytosis was evident (Vonsattel, et al.,
1985). This post-mortem classification system is still used today.
Medium spiny neuron neurochemistry
There are two subtypes of MSN which form ‘direct’ and ‘indirect’ output pathways. The subtypes
can be distinguished by their unique neurotransmitter and receptor combinations as well as their
projections to the GP. Direct pathway MSNs co-express GABA, substance P and dynorphin
neurotransmitters and dopamine receptor subtype D1. As indicted in Figure 1.2, direct MSNs project
to the thalamus via the internal segment of the GP (GPi) to have an overall excitatory effect on the
thalamo-cortical projection, thus facilitating movement. Meanwhile, indirect MSNs co-express
GABA and enkephalin neurotransmitters as well as dopamine receptor subtype D2 and adenosine
receptor A2a (Herkenham et al., 1990). As Figure 1.2 illustrates, indirect MSNs project sequentially
though the external segment of the GP (GPe), STN and GPi to have an overall inhibitory effect on
the thalamo-cortical projection. Dysfunction of the indirect pathway is thought to be associated with
the development of chorea (Albin, et al., 1989).
In addition to glutamatergic input from the cortex, MSN activity is under complex modulation by
dopamine and endocannabinoid neurotransmission. Dopamine from the substantia nigra pars
compacta (SNc) has an excitatory effect at postsynaptic D1 receptors on direct pathway MSNs and
an inhibitory effect at postsynaptic D2 receptors on indirect pathway MSNs (reviewed in Surmeier et
al., 2007). These effects are shown in Figure 1.2. Additionally, cannabinoid CB1 receptors (not
shown) are expressed both pre and post-synaptically on striatopallidal and striatonigral MSN
projections and modulate GABAergic, glutamatergic and dopaminergic signalling (reviewed in
Romero et al., 2002).
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Figure 1.2 Direct and indirect projection pathways of the basal ganglia.
This schematic shows direct (red) and indirect (blue) neurotransmitter signalling pathways connecting major
nuclei of the basal ganglia to the thalamus and overlying cerebral cortex. Modulatory dopaminergic input
(green) from the substantia nigra to both direct and indirect pathway medium spiny neurons is also shown.
Solid lines indicate excitatory (glutamatergic) signalling, dashed lines indicate inhibitory (GABAergic)
signalling. SNc = substantia nigra pars compacta, SNr = substantia nigra pars reticulata, STN = subthalamic
nucleus, GPe = globus pallidus externus, GPi = globus pallidus internus, D2 = dopamine receptor subtype D2,
D1 = dopamine receptor subtype D1, ENK = enkephalin, SP = substance P, GABA = gamma-aminobutyric
acid.

A Selective Pattern of Degeneration
In addition to cell loss, characteristic changes in the expression of MSN biochemical markers have
been identified in the post-mortem HD brain. In situ hybridisation studies of mRNA expression show
loss of enkephalin, substance P, and dopamine D1 and D2 receptors from MSNs of the HD caudate
nucleus (Augood et al., 1997; Augood et al., 1996), with similar findings from immunohistochemical
studies of protein (Reiner et al., 1988). These and further studies have demonstrated that some
markers even have altered expression in the grade 0 HD brain, indicating that MSN dysfunction is an
important part of the pathogenic mechanism, not just cell death (Allen et al., 2009; Glass et al.,
2000). Moreover, in vivo imaging studies have shown reduced binding by dopamine D1 and D2
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receptors in the striatum even in asymptomatic carriers of the HD gene (Antonini et al., 1996; Weeks
et al., 1996), indicating that MSN dysfunction occurs prior to symptom onset.
There is an intriguing specificity to the loss of MSN markers which is associated with pathological
grade. While indirect MSN markers enkephalin and dopamine receptor D2 are down-regulated in the
grade 0 HD brain, loss of direct MSN markers substance P and dopamine receptor D1 is apparent
only in grade 1 and above (Glass, et al., 2000). Furthermore, despite being expressed by both direct
and indirect MSNs, down-regulation of CB1 mRNA is seen on indirect MSN terminals in the GPe at
a lower pathological grade than direct MSN terminals in the GPi (Glass, et al., 2000; Richfield &
Herkenham, 1994). These observations have suggested that the indirect MSN pathway may be
preferentially affected in HD.
1.2.3.2. Cortical degeneration
While the striatum is typically the most affected structure in the HD brain, atrophy also occurs
throughout the cerebral cortex, with pyramidal projection neurons in layers III, V and VI found to be
most vulnerable (Halliday et al., 1998; Hedreen et al., 1991; Heinsen et al., 1994; Macdonald &
Halliday, 2002; Sotrel et al., 1991).
An in vivo magnetic resonance imaging (MRI) study was the first to describe thinning of the cortical
ribbon in both pre- and early-manifest HD patients (Rosas et al., 2002). Further investigation by this
group then found that distinct motor phenotypes could be associated with discrete patterns of cortical
thinning (Rosas et al., 2008). The studies by Rosas and colleagues are supported by research
investigating cell loss in the primary motor and cingulate cortices of 12 post-mortem HD brains for
which the individuals symptoms in life were extensively characterised (Thu et al., 2010). In this
study, immuno-staining of tissue from patients who had experienced predominantly motor symptoms
demonstrated significant loss of projection neurons within the motor cortex but not the anterior
cingulate cortex; a part of the limbic circuit involved in emotional regulation. Conversely, immunostaining of tissue from patients who experienced primarily mood symptoms in life showed significant
loss in the cingulate but not motor cortex (Thu, et al., 2010). Together these studies demonstrate that
cortical cell dysfunction/loss is an important part of the pathogenic process underlying the symptoms
of HD.
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1.2.3.3. Inclusion bodies
In addition to neurodegeneration, one of the defining pathological features of the HD brain is the
presence of intracellular inclusion bodies containing ubiquitinated N-terminal fragments of mutant
huntingtin. These protein aggregates were first discovered in 1997 within the brain of exon 1
expressing transgenic HD mice (Davies et al., 1997), closely followed by observation in the striatum
and cerebral cortex of post-mortem HD patients (DiFiglia et al., 1997). Inclusion bodies have been
found in the cytoplasm, nucleus and neuropil of neurons and occur at a frequency which correlates
with CAG repeat length (Becher et al., 1998; DiFiglia, et al., 1997). Their pathological significance
is a central debate in HD literature and will be discussed further in section 1.2.4.2 of this review.

1.2.4. The Huntingtin protein
1.2.4.1. Normal structure and function
Huntingtin (Htt) is a large, soluble protein which exists primarily in cytosolic and membrane
associated forms. It is ubiquitously expressed in human tissue with highest levels in the testes and
brain (reviewed in Cattaneo et al., 2005). The precise functions of Htt are not well defined, although
embryonic lethality following homozygous knock out of the murine HD gene homolog implies a
critical role in post-implantation development (Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al.,
1995).
In life, Htt has been implicated in a number of roles including transcriptional regulation, vesicle
transport and neuroprotection (Cattaneo, et al., 2005). Its functions appear to be mediated by many
protein-protein interactions, of which more than 200 have been documented (reviewed in Imarisio et
al., 2008). Structural features of the protein such as its 36 HEAT repeats and polyglutamine tract
mediate these interactions. Htt also undergoes four types of post-translational modification which can
alter these interactions, including sumoylation, ubiqutination, phosphorylation and palmitoylation
(reviewed in Ross & Tabrizi, 2011).
The neuroprotective ability of Htt was first described through an in vitro study where Htt overexpression in a striatal cell line prevented cell death in response to apoptotic stimuli including
mitochondrial toxins and serum deprivation (Rigamonti et al., 2000). This function was supported by
in vivo observation of apoptotic cells in the cortex, striatum and hippocampus following conditional
homozygous knockout of huntingtin in the mouse forebrain (Dragatsis et al., 2000). At least some of
the neuroprotective activity of Htt is thought to be mediated by its interaction with huntingtin
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interacting protein (HIP1), which prevents formation of a pro-apoptotic complex between HIP1 and
the HIP1 protein interactor (HIPPI) (Gervais et al., 2002).
Htt also co-localises with components of synaptic vesicles and microtubules, suggesting a role in
synaptic vesicle transport (DiFiglia et al., 1995; Gutekunst et al., 1999). This is supported by
demonstration that Htt enhances transport of brain-derived neurotrophic factor (BDNF) along
microtubules of cortico-striatal afferents (Gauthier et al., 2004). This transport function has been
shown to require the interaction of Htt with huntingtin-associated protein (HAP1), which in turn
binds the microtubule component dynactin p150 subunit (Gauthier, et al., 2004).
Additionally, Htt is thought to participate in the transcriptional regulation of many genes as it
interacts with numerous transcription factors including RE1-silencing transcription factor (REST), a
nuclear co-repressor (N-CoR), CREB-binding protein (CBP), tumour suppressor p53, gene-specific
protein 1 (Sp1) and components of basal transcription machinery including TATA binding protein
(TBP) and TBP associated factor TAFII130 (reviewed in Luthi-Carter & Cha, 2003). An example of
Htt-mediated transcriptional regulation is its effects on BDNF expression. In the nucleus the
transcriptional repressor REST binds to an RE1 motif located in the BDNF promoter to inhibit its
transcription. However Htt has been shown to sequester REST in the cytoplasm, relieving inhibition
of the BDNF promoter and resulting in increased BDNF transcription (Zuccato et al., 2003). More
than 1800 other RE1 sequences have been found in the human genome (Bruce et al., 2004), thus
effects of Htt on REST-mediated transcriptional inhibition may be far reaching.
1.2.4.2. Dysfunction of huntingtin in HD
There are two main hypotheses through which inheritance of the HD allele is proposed to result in
the pathology and symptoms of HD. The first is loss of the wild-type protein functions and the
second a toxic gain of function by the mutant protein. Both theories support the idea that mutant Htt
takes on an abnormal folded conformation, affecting its protein interactions. Protein misfolding is a
common feature of all trinucleotide repeat disorders as well as other neurodegenerative disorders
including Alzheimer’s and Parkinson’s diseases (reviewed in Soto, 2003).
The loss of function hypothesis is derived primarily from observation that homozygous knock-out of
the wild-type HD gene in adult mice results in a similar phenotype to other rodent models of HD
(Dragatsis, et al., 2000). Additionally, mutant Htt has lower affinity for a number of proteins which
the wild-type form interacts with, including HIP1 (Kalchman et al., 1997) and REST (Zuccato, et al.,
2003). Supporting this, the expression of genes whose promoters contain RE1 sequences, such as
BDNF and enkephalin, are reduced in the HD brain (Cattaneo, et al., 2005).
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Observation that individuals homozygous for the HD allele are no more severely affected by the
disease than heterozygous individuals (Durr et al., 1999; Wexler et al., 1987) suggests however that
at least some of the wild-type functions of Htt are conserved within the mutant protein. Hence, a
primary cause of pathology is proposed to be a toxic gain of function by mutant Htt.
A number of mechanisms through which altered interactions of the mutant protein may be toxic to
cells have been proposed including (but not limited to) effects of protein aggregation, transcriptional
dysregulation and mitochondrial dysfunction.
Mutant huntingtin forms protein aggregates
As introduced in section 1.2.3.3, the formation of inclusion bodies containing N-terminal fragments
of mutant Htt is a hallmark of the HD brain. A number of other proteins are also found in these
aggregates and their sequestration may have toxic effects.
The presence of ubiquitin and molecular chaperones within inclusion bodies suggests that mutant Htt
may be targeted for proteasomal degradation (DiFiglia, et al., 1997; Wyttenbach et al., 2000). While
association of the proteasome with misfolded proteins is normally transient, components of 20S and
26S proteasome complexes have been found in inclusion bodies, indicating that they may be unable
to dissociate (Waelter et al., 2001; Wyttenbach, et al., 2000). It has been suggested that the abnormal
conformation of the expanded polyglutamine tract may ‘choke’ the proteasome, thus disrupting its
function in the cell (Paulson, 1999).
Transcription factors possessing normal polyglutamine repeat tracts including CBP and TBP are also
found within inclusion bodies in the HD brain (Huang et al., 1998; Nucifora et al., 2001; Steffan et
al., 2000), potentially their preventing regulatory effects on transcription. Expanded polyglutamine
repeats have been shown to form polar zipper structures which mediate this irreversible interaction
(Perutz et al., 1994).
Not all evidence points to a toxic role for inclusion bodies however. Firstly, inclusion bodies are
observed at a higher frequency in cortical structures of the HD brain than the striatum, despite the
striatum being more severely affected by degeneration (DiFiglia, et al., 1997; Gutekunst, et al.,
1999). Moreover, an in vitro study of cultured striatal neurons showed that the development of
intranuclear inclusions following transfection of a mutant Htt fragment did not correlate with cell
death (Saudou et al., 1998). Furthermore, a knock-in mouse model of HD with 140 CAG repeats
develops motor abnormalities several months before nuclear aggregates (Menalled et al., 2003).
These studies suggest that inclusion bodies may simply be a by-product of a more toxic soluble
intermediate of Htt.
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Further studies indicate that inclusion body formation may even be neuroprotective. One carefully
plotted time-course of a neuronal HD cell line demonstrated that the presence of inclusions actually
correlated with increased cell survival (Arrasate et al., 2004). This work is further supported by the
generation of a transgenic mouse model of HD expressing a fragment of mutant Htt (CAG120)
which shows frequent and widespread inclusions but no neurological deficits or neurodegeneration
(Slow et al., 2005).
Mutant huntingtin alters transcriptional regulation
A large number of changes in gene expression are described in the HD brain, implying that
transcriptional dysregulation occurs (reviewed in Cha, 2007). In addition to sequestering
transcription factors within insoluble inclusion bodies, soluble mutant Htt also has altered affinity for
them. Yeast two-hybrid screens and in vitro co-precipitation experiments have shown that Sp1
(Dunah et al., 2002), CBP (Steffan, et al., 2000), p53 (Steffan, et al., 2000), mSin3a and N-CoR
transcription factors (Boutell et al., 1999) all bind to soluble Htt in a polyglutamine repeat length
dependent manner, with effects on function. For example, the transcriptional co-activator Sp1 has
been shown to bind less to both TAFII130 (a component of basal transcription machinery) and DNA
in the post-mortem HD brain compared to controls (Dunah, et al., 2002). Additionally,
immunohistochemical studies have revealed abnormal cellular distribution of transcription factors in
the cerebral cortex and caudate nucleus of the post-mortem HD brain. Transcriptional repressors NCoR and mSin3a were localised exclusively to the cytoplasm in HD tissue, while unaffected controls
showed immuno-reactivity in both cytoplasmic and nuclear regions (Boutell, et al., 1999). Exclusion
from the nucleus in HD would prevent the interaction of N-CoR and mSin3a with DNA.
These observations are complemented by measurement of gene expression in HD models and the
post-mortem human brain. Cell reporter assays show reduced expression from the p53-regulated
p21WAF/CIP1 promoter in the presence of a mutant Htt fragment (Steffan, et al., 2000), while downregulation of many Sp1-dependent genes has been noted, including dopamine receptor D2, nerve
growth factor receptor, enkephalin and BDNF (Dunah, et al., 2002; Hodges et al., 2006; Luthi-Carter
et al., 2002a; Zuccato et al., 2008). Interestingly, over-expression of both Sp1 and TAFII130 in
mouse striatal cells can rescue down-regulation of dopamine receptor D2 and protect cells from
death in the presence of mutant Htt (Dunah, et al., 2002). This provides evidence that transcription
factor dysfunction caused by mutant Htt is toxic to neurons.
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Mutant huntingtin causes mitochondrial dysfunction
Further lines of evidence demonstrate that mutant Htt causes mitochondrial dysfunction, inducing a
cellular energy deficit and subsequent degeneration. Clinical evidence for this deficit exists in that
patients with HD lose weight from an early stage of the disease, often despite substantially increased
caloric intake (Aziz et al., 2008; Djousse et al., 2002). A faster rate of weight loss has been
associated with longer CAG repeat lengths (Aziz, et al., 2008). In the brain, increased lactic acid
(Jenkins et al., 1993) and decreased glucose consumption (Antonini, et al., 1996) also support the
existence of a metabolic disturbance.
At the molecular level, activity of electron transport chain complexes II, III and IV are demonstrated
to be reduced in the HD striatum (Gu et al., 1996). The mechanism of inhibition is not understood,
although it appears that iron-sulphur proteins within complexes II and III may be vulnerable to the
effects of oxidative stress (reviewed in Mochel & Haller, 2011).
Further supporting evidence for mitochondrial dysfunction, MacDonald and colleagues have shown
that the ATP:ADP ratio (i.e. free energy) in lymphoblastoid cell lines from HD patients is
significantly lower than in unaffected individuals (Seong et al., 2005). In agreement with later
findings regarding rate of weight loss (Aziz, et al., 2008), this study also identified an inverse
relationship between the ATP:ADP ratio and CAG repeat length (Seong, et al., 2005). Interestingly,
this relationship held across CAG repeat lengths for both affected and unaffected individuals. The
findings imply a direct role for Htt in the regulation of cellular energy status, operating across a
continuum defined by CAG repeat length.
In the same publication, MacDonald and colleagues went on to show in striatal cell lines from the
HdhQ111 knock-in mouse model of HD, that the ratio of ATP:ADP was inversely correlated to
calcium ion (Ca+2) influx through glutamatergic N-methyl-D-aspartate (NMDA) receptors. They
conclude that the Htt polyglutamine tract may be specifically involved in phosphorylating ADP in
mitochondria through a Ca+2 regulated mechanism (Seong, et al., 2005). Calcium overloading causes
the release of cytochrome C from mitochondria. In the cytoplasm cytochrome C activates caspases,
thus stimulating proteolytic and apoptotic processes that cause cellular degeneration (Panov et al.,
2002).
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1.2.5. Therapeutic strategies
There is currently no approved therapy that can prevent or delay the onset or progression of HD, but
the development of treatments is being actively pursued. As insight is gained into the complex
molecular mechanisms of HD (e.g. transcriptional dysregulation and mitochondrial dysfunction)
these have become targets for pharmaceutical development. Neuronal replacement therapies are also
being investigated as are molecular tools for silencing expression of the mutant allele. The following
sections summarise current progress regarding these approaches, with some specific examples.
1.2.5.1. Target pathogenic mechanisms
Numerous compounds have been identified that may modify the process and effects of mitochondrial
dysfunction, with current promising candidates including creatine and coenzyme Q10. Creatine
supplies energy to muscle and nerve cells in the form of phosphate and has been shown to be
neuroprotective in models of Huntington’s, Parkinson’s and Alzheimer’s diseases (Beal, 2011).
Phase I clinical trials indicate that creatine is well tolerated in humans and one study has shown
reduced levels of the oxidative stress marker 8-hydroxy-2-deoxyguanosine, in serum from creatine
treated HD patients compared to placebo (Hersch et al., 2006). A multi-centre phase III clinical trial
(CREST-E) has been initiated to further define its therapeutic effects (trial identifier: NCT00712426,
www.clinicaltrials.gov).
Coenzyme Q10 (CoQ10) is also in phase III clinical trial (trial identifier NCT00608881,
www.clinicaltrials.gov). This endogenous mitochondrial antioxidant has been shown to increase the
survival of transgenic mouse models of HD, ameliorating mitochondrial dysfunction and protein
aggregates (Ferrante et al., 2002; Smith et al., 2006). Oral administration to HD patients has also
been found to reduce elevated cortical lactate levels. Unfortunately though this effect was not
sustained upon treatment withdrawal (Koroshetz et al., 1997). In rodent models, the effects of CoQ10
are enhanced when used in combination with minocycline (an antibiotic with anti-apoptotic effects)
and remacemide (an NMDA receptor antagonist) (Ferrante, et al., 2002; Stack et al., 2006).
Histone deacetylase inhibitors (HDACs) are being trialled to counteract transcriptional dysregulation
in HD. Histone proteins are a primary component of chromatin and subject to many posttranslational modifications which affect their interaction with DNA and thus the ability of
transcription factors to access gene promoters (Sadri-Vakili & Cha, 2006). In models of HD and cell
lines expressing the mutant protein, histones are found to be hypo-acetylated (Gardian et al., 2005;
Igarashi et al., 2003; Steffan et al., 2001). As acetylation is associated with transcriptional activation,
hypo-acetylation may contribute to the down-regulation of many genes as observed in HD. The
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HDAC inhibitors sodium butyrate and suberoylanilide hydroxamic acid have been shown to improve
motor deficits in mouse models of HD (Ferrante et al., 2003; Hockly et al., 2003). An HDAC
inhibitor called selististat has recently been approved for phase II clinical trials (Dunkel et al., 2012).
1.2.5.2. Replacement/support of striatal cells
A different approach is to replace and/or support the striatal neurons that die in HD. Transplant of
foetal striatal grafts into the excitotoxin-lesioned striatum of rats and primates provided the proof of
principle for this approach, with successful integration of grafts into sriatal circuitry and functional
recovery of animals (Isacson et al., 1984; Kendall et al., 1998; Pritzel et al., 1986). Small clinical
trials using foetal allografts subsequently described the survival of transplanted cells and some level
of functional improvement in HD patients (Bachoud-Levi et al., 2000; Freeman et al., 2000),
although it appears that this effect may be transient (Bachoud-Lévi et al., 2006). Follow up studies of
brain tissue from 3 HD patients who received striatal tissue transplants ~10 years earlier have shown
poor graft survival long term (Cicchetti et al., 2009), which could explain the lack of clinical benefit
overall. Extracellular mutant Htt positive aggregates have also been identified within the surviving
allografts (Cicchetti et al., 2014). The mechanism of mutant Htt diffusion into the graft tissue and its
relevance to the disease is not clear.
In recent years adult stem cell transplants have received increasing attention, due in part to ethical
issues with using tissue from aborted foetuses. Neural stem cell grafts have been shown to survive,
migrate and differentiate following transplantation into the brain of mice where neuronal loss has
been induced (Yamasaki et al., 2007). Furthermore, transplant of bone marrow stem cells into the
quiniolinic acid lesioned striatum of rats significantly reduced deficits in working memory
(Lescaudron et al., 2003). An interesting observation from this study though, was that only a very
low percentage of transplanted stem cells went on to express neuronal phenotypes. The authors
postulate that rather than improved working memory being due to replacement of neurons, the
transplanted stem cells may have acted as ‘neurotrophic enhancers’, releasing growth factors that
simply enabled surviving cells to function better (Lescaudron, et al., 2003). Indeed, the direct
application of neurotrophic factors BDNF, ciliary neurotrophic factor (CNTF) and glial-cell derived
neurotrophic factor (GDNF) to the striatum has proven efficacious in both cell and animal models of
HD (reviewed in Antoniades & Watts, 2013).
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1.2.5.3. Silencing mutant huntingtin expression
Genetic approaches including RNA interference (RNAi) and antisense oligonucleotides (ASOs) have
the potential to prevent HD. These technologies use short RNA or DNA molecules that bind
specifically to the HD gene transcript and induce its degradation so that the protein is not translated
(reviewed in Ramaswamy & Kordower, 2012). Efficacy of the approach has been shown in rodent
models of HD, with single intra-striatal RNAi injections resulting in reduced mutant Htt protein,
fewer neuronal inclusion bodies, reversal of gene expression changes, improvements in motor
deficits and increased animal survival (Boudreau et al., 2009; Harper et al., 2005; Rodriguez-Lebron
et al., 2005; Wang et al., 2005).
Viral vectors containing RNAi molecules appear to be tolerated long term in wild-type rhesus
monkeys, with reduced Htt protein expression in treated regions still observed 6 months following a
single intra-striatal injection. Brain tissue from these monkeys shows no obvious inflammation,
infection or neuronal damage (Grondin et al., 2012; McBride et al., 2011).
A concern with the gene silencing approach is that the wild-type protein may also be targeted,
potentially resulting in undesirable effects. Allele-specific silencing molecules which can
discriminate mutant and wild-type transcripts are therefore being developed. One approach is to
target the expanded CAG repeat and another is to obtain specificity by designing the nucleic acid
therapy to regions containing allele-specific single nucleotide polymorphisms (SNPs). Several SNPs
have been identified that co-segregate with the HD allele in 75-85 % of patients (Carroll et al., 2011;
Pfister et al., 2009). Some success with both approaches has been achieved in cell culture models
(Carroll, et al., 2011; Gagnon et al., 2010; Hu et al., 2009).

1.2.6. Factors limiting successful therapeutic development
Despite a large number of therapies developed and put through clinical trials to target central nervous
system disorders (including HD), as a group these have one of the lowest success rates of all drugs
approved by United States and European regulatory authorities (reviewed by Kola & Landis, 2004).
Given the extent and complexity of molecular changes evident in HD, it is unlikely that
pharmacotherapies targeting a single affected pathway or molecule will result in more than a modest
effect on disease progression (Carroll, et al., 2011; Dunkel, et al., 2012). Moreover, the success of
such intervention may depend on the extent of degeneration already underway in the individual.
Stem cells and gene silencing therapies provide direct neuroprotective approaches which may benefit
even symptomatic individuals. While promising, both approaches do require invasive surgery to
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deliver cells/gene silencing molecules. Issues of safety, mode of delivery, distribution, effect
duration and optimal treatment protocols must be resolved before investing in large clinical trials
(Cicchetti et al., 2011; Harper, 2009; Ramaswamy & Kordower, 2012).
An ideal treatment for HD could be given to presymptomatic carriers of the mutation, preventing
degeneration and symptoms from ever arising. Recruiting presymptomatic populations for clinical
trials is challenging however, with interpretation of findings made difficult due to variability between
individuals (Ramaswamy & Kordower, 2012). There is also a lack of sensitive disease specific
markers (“biomarkers”) to monitor the effects of any therapeutic intervention. The identification of
robust molecular biomarkers, particularly for the presymptomatic disease, is a key interest in the
field of HD and other neurodegenerative disorders (Henry & Mochel, 2012; Hersch & Rosas, 2011).
Finally, the observation that most drugs tested for central nervous system disorders (including HD)
fail at phase II and III clinical trials (efficacy and safety) (Kola & Landis, 2004) has highlighted a
lack of appropriate, predictive animals models for preclinical testing. Generating and utilising more
accurate models of HD is critical to improve our understanding of the disease and to find an effective
treatment. Section 1.2.7 provides an introduction to features and key findings from the range of HD
animal models that have been developed.

1.2.7. Animal models of HD
1.2.7.1. Toxin models
Prior to discovery of the HD gene, striatal lesions induced by kainic acid (Beal et al., 1985),
quinolinic acid (Beal et al., 1986) and 3-nitroproprionic acid (3-NP) (Brouillet et al., 1995; Palfi et
al., 1996) were used to model HD. Rats and non-human primates treated with these toxins
reproduced many of the pathological and behavioural features of the human disorder, providing one
of the first indications of mitochondrial dysfunction and excitotoxicity as molecular mechanisms of
the disease. These rather crude models ignored the fact that HD is a genetic disease however. With
isolation of the HD gene in 1993 (Huntington's Disease Research Collaborative Group, 1993), more
accurate models of HD which attempt to capture its hereditary nature are now widely used.
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1.2.7.2. Genetic models of HD
Simple organisms
The short life span of invertebrates and ease of genetic manipulation means they are ideal for rapid,
high throughput testing of molecular hypotheses and therapeutic strategies.
Several transgenic fruit fly (Drosophila melanogaster) and nematode (Caenorhabditis elegans)
models of HD have been developed, expressing full length or N-terminal fragments of Htt with
expanded CAG repeat tracts in specific cell populations (Faber et al., 1999; Jackson et al., 1998; Lee
et al., 2004). These models exhibit progressive neuronal dysfunction, protein aggregation and
reduced survival in a polyglutamine length dependent manner (reviewed in Pouladi et al., 2013).
In one of the first studies to implicate DNA acetylation state as potentially important in HD
pathogenesis, HDAC inhibitors were shown to reduce cell death and increase survival in a
Drosophila model of HD in a concentration dependent manner (Steffan, et al., 2001). Furthermore,
genetic suppressor screens in invertebrate models have identified genetic modifiers of mutant Httmediated toxicity, including genes involved in vesicle fusion (Kaltenbach et al., 2007) and
metalloproteinases involved in proteolysis (Miller et al., 2010). Modifying proteins provide potential
therapeutic targets.
The distinct advantages of the invertebrate system are balanced however by the requirement to
further validate candidate genes and novel therapies in more complex mammalian systems.
Mouse models
Mice are the most widely used models in HD research. They provide a mammalian system and are
small, relatively easy to house, maintain and manipulate. The murine HD gene homologue (Hdh)
shares significant similarity with human Htt (91 % amino acid identity), including an exon 1
glutamine coding repeat tract of ~7 units (Barnes et al., 1994). The similarity suggests conserved
function and thus relevance for modelling the disease mechanism.
Existing mouse models of HD can be divided into two broad classes; those expressing an N-terminal
fragment of mutant Htt and those expressing the full length mutant protein. Each class can be further
subdivided into those made by transgenic approaches and those made by knock-in homologous
recombination. Transgenesis refers to the random insertion of an exogenous gene into an organisms’
genome, making it ‘transgenic’. Knock-in refers to the replacement of part or all of a gene within the
host genome. In HD this is a sequence containing an expanded CAG repeat.
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N-terminal fragment models
The first transgenic models of HD were the R6/1 and R6/2 mouse lines developed by Bates and
colleagues (Mangiarini et al., 1996). The initial aim was to generate a genomic clone containing the
full length human HD gene, however issues encountered with stability of the YAC clones and CAG
repeat prevented this. To overcome the stability issue, transgenic mice were instead generated
expressing a 1.9 kb genomic fragment of the human HD gene including ~1 kb 5’ UTR/upstream
sequence, exon 1 and the first 262 bp of intron 1. Transgene expression was estimated at 31 % of
total endogenous Htt for the R6/1 line and 75 % for R6/2, with expanded CAG repeat lengths of 116
and 144 units in the respective lines (Mangiarini, et al., 1996).
R6/2 mice are the most extensively utilised model in HD research. They show an early and severe
behavioural phenotype, with the initial publication reporting subtle motor deficits from 3.5 weeks of
age and overt resting tremor, weight loss, involuntary grooming and dystonia by 9-11 weeks
(Mangiarini, et al., 1996). The early symptom presentation makes the R6/2 model useful for rapid
trialling of therapies designed to modify the external symptoms. Congo red, benthiazoles, HDAC
inhibitors, creatine, CoQ10 and remacemide all improve symptoms and increase survival of this line
(reviewed in Beal & Ferrante, 2004).
Untreated symptoms progress quickly until premature death of R6/2 mice at 10-13 weeks of age
(Mangiarini, et al., 1996). Molecular pathology includes abnormal localisation of the mutant
fragment to the nucleus followed by progressive formation of nuclear inclusions in multiple brain
regions including the cortex and striatum by 3-4.5 weeks of age (Davies, et al., 1997; Meade et al.,
2002). Interestingly though neuronal loss in these animals is minimal, supporting the hypothesis that
inclusion bodies do not cause neuronal degeneration (Reddy et al., 1998). It also demonstrates that
cell dysfunction rather than cell loss can cause neurological symptoms.
R6/1 mice display a similar phenotype to R6/2 animals including low body weight, gait
abnormalities and paw clasping. These phenotypes are milder however and manifest over a longer
period (Davies, et al., 1997). This is likely due to the smaller CAG repeat and lower transgene
expression level in R6/1 mice compared to R6/2 (Mangiarini, et al., 1996) and possibly differences in
the transgene insertion site. The R6/2 transgene locus is complex (Chiang et al., 2012). The transgene
is inserted within intron 7 of the gene Gm12695, resulting in its up-regulation in the brain (Jacobsen
et al., 2013). The function of Gm12695 is not understood but its’ up-regulation could potentially
contribute to the R6/2 phenotype.
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Another widely used transgenic fragment model of HD is the N171-82Q mouse. These mice express
a cDNA fragment encoding the first 171 amino acids of human Htt with an 82 unit CAG repeat,
under the control of a mouse prion promoter. Transgene protein expression levels in the brain are 510 times lower than total full length endogenous mouse Htt (Schilling et al., 1999). N171-82Q mice
have a molecular and behavioural phenotype similar to the R6 lines, but symptoms appear more
slowly. Motor symptoms present at 2.5 months, with memory impairments becoming evident by 14
weeks (reviewed in Ramaswamy et al., 2007). Its slower progression makes the N171-82Q line more
relevant as a late-onset disease model. Several therapies including creatine and remacemide have
proven beneficial in this line and the HDAC inhibitor phenylbutyrate improves N171-82Q survival
even when administered after symptom onset (Beal & Ferrante, 2004).
A conditional mouse model of HD (HD94) has also been developed, using a tet-regulated system to
control expression of a 1.1 kb genomic fragment containing ~100 bp 5’UTR/upstream sequence, a
chimeric mouse/human exon 1 sequence with 94 CAG repeats and ~600 bp intronic sequence, driven
by the constitutive Cytomegalovirus (CMV) promoter (Yamamoto et al., 2000). Expression of the
mutant protein from birth in these mice resulted in neuronal inclusions, striatal atrophy and a
progressive motor phenotype similar to the R6 and N171-82Q lines. When the mutant gene was
turned off at 18 weeks of age there was dramatic reversal of motor phenotypes and protein
aggregates disappeared, demonstrating that continuous expression of this Htt fragment was required
to maintain disease state. This finding supports therapeutic approaches aimed at silencing mutant Htt
expression and suggests they may even be effective in symptomatic individuals.
Full Length models
In order to more faithfully recapitulate the genetic context of HD, mice expressing full length mutant
huntingtin have also been created. In general these mice take longer to develop a phenotype than
fragment models, questioning the relevance of the disease mechanism in truncated models to the
human condition. Full length HD models also live longer than their fragment counterparts, providing
advantages for longer-term studies of efficacy and safety of potential therapies.
Transgenic full length mouse models
Several transgenic full length mouse models of HD have been generated. The first were developed
by Tagle and colleagues and over-expressed full length human HD cDNA (10,179 bp) with either 48
or 89 CAG repeat units, under a CMV promoter. The transgene inserted as 2-22 copies at a unique
integration site for each line and transgene protein expression levels ranged from equal to
endogenous mouse Htt to five-fold greater (Reddy, et al., 1998).
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Thereafter, several models were generated by Hayden and colleagues using yeast artificial
chromosome (YAC) genomic clones carrying the human HD gene and all its regulatory elements
with expanded CAG repeat lengths of 46, 72 (Hodgson et al., 1999) and 128 units (Slow et al.,
2003). In each line the transgene integrated as multiple copies. Transgene protein expression in the
YAC48 and YAC72 lines was 33-50 % of total endogenous mouse Htt (Hodgson, et al., 1999) while
expression in the YAC128 line was higher at ~75 % of total endogenous Htt (Slow, et al., 2003).
Most recently, Yang and colleagues developed BACHD mice carrying a mixed CAG/CAA repeat of
97 units within the context of a bacterial artificial chromosome (BAC) full length human HD
genomic clone (240 kb in total) (Gray et al., 2008). The transgene integrated as ~5 copies and protein
expression is estimated at 1.5-2 folds higher than total endogenous Htt. Both YAC and BAC models
express human mutant Htt under endogenous human 5’UTR/upstream sequence.
Despite a range of polyglutamine repeat lengths (46-128), the transgenic full length mouse models all
have progressive molecular and behavioural phenotypes reminiscent of adult onset HD (Gray, et al.,
2008; Hodgson, et al., 1999; Reddy, et al., 1998; Slow, et al., 2003). Models with longer
polyglutamine repeats also appear to have earlier onset and faster progression than those with shorter
repeats, similar to the human condition (Snell, et al., 1993). In contrast to fragment HD models
which show no or minimal cell loss despite severe symptoms, the full length transgenic mouse
models all show selective neuronal loss in the striatum (Gray, et al., 2008; Hodgson, et al., 1999;
Reddy, et al., 1998; Slow, et al., 2003). It may be that expression of the expanded CAG repeat within
the context of full length Htt is important for the selective pattern of neurodegeneration as seen in
HD patients.
While full length transgenic mice more accurately represent the context of HD than fragment models,
all transgenics (fragment or full length) are fundamentally limited in two respects. Unlike the human
disease, two wild-type huntingtin alleles are still expressed, potentially modifying the overall effect
of the transgene. Additionally, because transgene insertion into the genome is random the function of
other genes may be unintentionally disrupted (e.g. as in the R6/2 line), potentially contributing to
phenotypes observed.
Knock-in full length mouse models
Knock-in homologous recombination addresses these limitations of transgenesis. A number of
knock-in mouse models of HD have been generated. They are considered to be the most genetically
precise models since the mutation is expressed in its true genetic context within the host genome,
with all promoter and regulatory elements (reviewed in Menalled, 2005).
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Behavioural phenotypes of knock-in mice are subtle and appear to be CAG repeat length dependent.
The first knock in HD model generated expressed 50 CAG repeats (HdhQ50) and showed no
behavioural abnormalities in its lifetime (White et al., 1997). Meanwhile, lines expressing 72-80
CAG repeats (Hdh6/72 and Hdh4/80) displayed aggressive behaviour from 3 months of age
(Shelbourne et al., 1999) and mice with longer repeat lengths show more and progressive
abnormalities. For example, knock in mice expressing 94 (Hdh94) (Levine et al., 1999) and 140
CAG repeats (Hdh140) (Menalled, et al., 2003) show a biphasic behavioural profile, beginning with
hyperactivity at 1-2 months of age amd progressing to hypo-activity from 4 months of age
(Menalled, et al., 2003; Menalled et al., 2002). Symptoms in the Hdh140 mice progress more quickly
than the Hdh94 mice, with gait abnormalities evident from 12 months of age compared to 24 months
in Hdh94 animals (Menalled, 2005). Furthermore, knock-in mice with 109 CAG repeats (HdhQ111)
(Wheeler et al., 1999) show gait deficits at 24 months of age (Wheeler et al., 2002), while 150
repeats (Hdh(CAG)150) results in similar dysfunction at 4-10 months (Lin et al., 2001).
A feature of almost all the knock-in mouse models is nuclear localisation of mutant Htt fragments
within the first 6 months of life, followed by the appearance of nuclear inclusion bodies (reviewed in
Menalled, 2005). Both HdhQ111 and Hdh(CAG)150 mice also show evidence of reactive gliosis in the
striatum, while axon degeneration is observed in Hdh(CAG)150, Hdh6/72 and Hdh4/80 lines. The
slow progressive molecular pathology and late onset behavioural phenotype of these models provides
advantages for investigating molecular mechanisms preceding overt symptoms onset and a
potentially key therapeutic window. Interestingly, the knock-in mouse models do not show obvious
neuronal loss (Menalled, 2005), suggesting that the biochemical process takes longer than the mouse
lifetime (~2 years) to act. Very long CAG repeat lengths are also required to produce any symptoms
and pathology within the animals’ lifetime. It may be that animals which live longer could enable
knock-in models with similar progressive phenotypes to the knock-in mice described, but at shorter
repeat lengths more representative of the human HD population.
Rat models of HD
Two transgenic rat models of HD have been made. Compared to mice, the body and brain of rats is
significantly larger, they live for an average of 1 year longer and have well described complex
behaviours (Ramaswamy, et al., 2007; von Horsten et al., 2003). Therefore rats can be utilised for
longer term and more complex assessments. Their comparatively large brain also makes rats
amenable for surgical manipulation and in vivo imaging.
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The first transgenic rat model of HD was generated by Reiss and colleagues, carrying a
microinjected 1962 bp N-terminal fragment of rat HD cDNA under 885 bp of the endogenous rat
5’UTR/upstream sequence and expressed at lower levels than the endogenous huntingtin protein
(von Horsten, et al., 2003). The model deliberately expresses a modest CAG repeat length of 51
units; within the range typical of the adult onset disease (Snell, et al., 1993). The transgenic rat
exhibits a slow progressive phenotype with reduced anxiety observed at 1-2 months of age, decline
in working memory from 9-10 months of age and progressive motor dysfunction from 6 months of
age (Nguyen et al., 2006; von Horsten, et al., 2003). Magnetic resonance imaging of 8 month old
animals shows lateral ventricle enlargement and striatal lesions, while positron emission tomography
(PET) imaging shows decreased cerebral glucose metabolism at 24 months of age (von Horsten, et
al., 2003), similar to findings in the course of the human disease (Kuwert et al., 1990; Young et al.,
1986).
Another transgenic rat model of HD was recently generated using the same full length human HD
genomic construct as the BACHD mouse, carrying 97 mixed CAG/CAA repeats (Yu-Taeger et al.,
2012). Initial characterisation of the BACHD rat (TG5 line) has revealed an early onset, progressive
phenotype with decreased anxiety and rotarod test deficits observed at 1 month of age. Transgene
expression in this line is estimated at 4.5 times higher than endogenous rat Htt. Molecular changes in
the TG5 line include reduced dopamine D2 receptor binding in the striatum seen from 18 months of
age by in vivo PET imaging, reduced total mean striosome area and mutant Htt positive aggregates.
The distribution of aggregates is similar to the post-mortem human HD brain, with higher frequency
in the cortex than striatum and neuropil aggregates forming earlier than nuclear (Yu-Taeger, et al.,
2012).
The recapitulation of many features of HD, together with the ability to perform complex in vivo
studies, suggests that the transgenic rat models would be informative preclinical models of HD.
Large animal models of HD
In recent years increasing emphasis has been placed on developing large animal models of HD.
Compared to rodents and other small animals, large animals such as sheep, pigs and monkeys have a
brain and body size more similar to humans. These features provide advantages for modelling the
complex mechanisms of HD and for assessing the efficacy of new therapies, particularly those
requiring surgical manipulation, e.g. RNAi and stem cell therapy. Moreover, large animals live for
longer than rodents, making them more suited to studying HD as a late-onset progressive disorder.
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Several large animal models of HD have been described including non-human primates, miniature
pigs and sheep.
Non-human primates
The first genetic non-human primate model of HD was generated by lentiviral vector mediated
injection of the same mutant HD cDNA fragment used to generate the N171-82Q transgenic mouse
(Palfi et al., 2007). Bilateral injection into the striatum induced spontaneous dyskinesias and chorea
in monkeys beginning 15 weeks following injection, with progression over the course of the 30 week
study. Histological analysis at 30 weeks showed evidence of striatal atrophy and intranuclear
neuronal aggregates. The symptoms and neuropathology observed provided a proof of principle for
developing genetic non-human primate models of HD.
Subsequently, Chan and colleagues created the first germ-line transgenic primate model of HD by
microinjection of a lentivirus containing human huntingtin exon 1 cDNA with 84 CAG repeats into
rhesus macaque oocytes (Yang et al., 2008). Of 5 live founder animals, 2 were born with motor
impairments and respiratory failure and survived for less than 1 day. These monkeys expressed 2-4
copies of the transgene with CAG repeat lengths of 88 and 27/65 units respectively. In both animals
transgene expression in the brain was many fold higher than endogenous levels in a wild-type
animal. Histology revealed numerous mutant Htt positive aggregates in both the cortex and striatum.
A third animal expressing 2 copies of the transgene with 84 CAG repeats died after one month, with
dystonia and chorea apparent from postnatal day 2. The fourth transgenic animal expressed an 83
unit CAG repeat from a single transgene copy insertion, suffering mild, sporadic involuntary
movements from 1 week postnatal. This animal is known to have died prematurely at 11 months of
age (reviewed in Morton & Howland, 2013). The fifth transgenic founder (rHD1) was initially
reported to be phenotypically normal, with a CAG repeat tract of 29 units (Yang, et al., 2008).
Longitudinal observation of this animal (rHD1) has since revealed progressive cognitive impairment
from ~8 months of age as well as smaller striatal and hippocampal volume compared to 4 wild-type
animals (Chan et al., 2014). The symptoms seen in this animal (as well as severe symptoms in the
first 4 transgenic founders) are likely attributable to over-expression of the transgene as controlled by
a strong constitutive polyubiquitin C promoter.
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Swine
Farm animals such as miniature pigs (mini pig) and sheep are potential alternatives to non-human
primates as models of HD. They have a large, gyrencephalic brain which is functionally similar to
humans and live for in excess of 12 years. Additionally, microinjection and breeding techniques are
well established in farm animals, there are fewer ethical issues associated with their use compared to
non-human primates, and more animals can be maintained at relatively lower cost (Morton &
Howland, 2013).
In 2001 Uchida and colleagues produced the first transgenic mini pig model of HD via pronuclear
microinjection of a 3.3 kb cDNA encoding 1100 amino acids of the Sus scrofa HD gene homologue,
modified to contain a 75 unit CAG repeat (Uchida et al., 2001). There has been no subsequent report
on the 5 transgenic animals born however. A second transgenic mini pig was created using an Nterminal cDNA fragment encoding the first 208 amino acids of human Htt modified to contain an
expanded CAG repeat of 105 units, under control of the CMV enhancer and chicken-beta-actin
promoter (Yang et al., 2010). Of 5 live births, 3 piglets died within 3 days, the fourth lived for 25
days, while the fifth was still alive in 2013 (Morton & Howland, 2013). Further characterisation of
the surviving animal has not been reported.
Most recently, Motlik and colleagues generated a transgenic mini pig HD model by microinjection of
a cDNA fragment encoding the first 548 amino acids of human HD cDNA with 145 polyglutamine
repeats, ligated to ~1 kb of human Htt 5’UTR (Baxa et al., 2013). A single integrated copy of the
transgene was found to carry 124 polyglutamine repeats and the protein is expressed in brain tissue at
similar levels to endogenous porcine Htt. No obvious neurological symptoms have been described
for the transgenic animals studied up to 40 months of age, although fertility issues have been
observed. Immunohistochemical studies reveal no mutant Htt positive aggregates in the brain or
neuronal loss up to 16 months of age, although immuno-reactivity of the MSN marker DARPP-32 is
reduced in the striatum of a single animal.
Sheep
In 2010 Snell and colleagues reported the generation of 6 lines of sheep transgenic for an 11.6 kb
cDNA encoding full length human Htt with a 73 unit polyglutamine repeat, ligated to 1.1 kb of the
human HD gene 5’UTR/upstream sequence (Jacobsen et al., 2010). Based on transgene expression
level and analysis of the insertion site, a single line (G0/5) has been successfully bred to three
generations. The animals show no diagnostic neurological symptoms, although molecular changes
have been reported in sheep ranging from 1 month – 3 years of age (HDSCRG, 2013; Jacobsen, et
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al., 2010). Further analysis of the transgenic HD sheep is the subject of this thesis and will be
introduced further in section 1.3.

1.2.8. Molecular profiling and the search for biomarkers
Considerable effort is being applied to understand the molecular mechanism(s) causing HD and to
discover biomarkers of disease progression. These technologies/approaches are described below and
have been applied to human and model system tissues.
1.2.8.1. Transcriptomics
Gene expression profiling methods such as microarray and RNA-Seq provide a snapshot of the
transcriptome at a given moment. This may reveal disease specific transcription changes induced by
mutant Htt which could help in defining the pathways affected.
Microarray of human brain tissue
Luthi-Carter and colleagues examined homogenates of 4 brain regions from 44 HD patients and 36
unaffected controls using a microarray with 45,000 gene probe sets (Hodges, et al., 2006). In keeping
with the established pattern of HD neuropathology, the greatest number of gene expression changes
were observed in the caudate nucleus (21 % of probe sets) followed by the motor cortex (3 % of
probe sets). Fewer expression changes were seen in the cerebellum (1 % of probe sets) and none in
the prefrontal cortex. The majority of significant alterations were due to down-regulation in HD
samples including genes encoding proteins involved in neurotransmitter signalling, calcium
homeostasis and axonal transport. The smaller number of genes up-regulated in HD samples
included those involved in gliosis and neuro-inflammation, including glial fibrillary acidic protein
(GFAP), gap junction proteins and complement components (Hodges, et al., 2006). To exclude the
possibility that these results were confounded by cell death a second microarray experiment was
performed on neurons isolated by laser capture microdissection (LCM) from the caudate nucleus of
grade 1 HD brain tissue. Reasonable concordance was identified between the homogenates and
single cells, with 65 % of genes that were up-regulated in homogenates and 77 % of genes that were
down-regulated in homogenates being significantly altered in the same direction in the LCM data
(Hodges, et al., 2006). Thus the mRNA changes seen cannot be attributed to cell loss alone and likely
reflect neuronal dysfunction.
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Microarray of animal models
Several expression array studies have also been performed on mouse models of HD, largely
complementing findings from patients.
Olson and colleagues performed the first microarray analysis of any neurological disease; measuring
the expression of ~6000 genes in the striatum of symptomatic R6/2 transgenic HD mice (LuthiCarter et al., 2000). They found that 1-2 % of all mRNAs measured were differentially expressed,
with the vast majority being down-regulated. Genes involved in neurotransmitter signalling and
calcium homeostasis were highly represented within this group, similar to findings later found in the
human brain (Hodges, et al., 2006). In a further microarray study this group went on to show that
some transcription changes in the R6/2 line were in common between brain and skeletal muscle
tissue (e.g. creatine kinase, enolase and intermediate filaments were down-regulated, while genes
associated with cellular stress were up-regulated in both tissues). This demonstrated that effects on
transcription are widespread in this model and supported the idea that biomarkers of the disease may
be identifiable in easily accessible peripheral tissues (Luthi-Carter, et al., 2002a).
In a third publication, Olson and colleagues provided evidence that at least some of the gene
expression changes seen in transgenic HD models may be caused specifically by the expanded
polyglutamine repeat. Looking at cerebellum tissue, 63 % of differentially expressed genes in the HD
transgene fragment model N171-82Q were also differentially abundant in a transgenic model of
DRPLA carrying full length atrophin-1 with an expanded CAG repeat of 65 units. Subsets of these
genes were also differentially abundant in the R6/2 line and transgenic mouse models of
polyglutamine diseases SBMA and SCA7 (Luthi-Carter et al., 2002b). Investigation by Luthi-Carter
and colleagues comparing microarray data from 7 mouse models of HD provides further support to
polyglutamine dependent transcription changes. It was found that while mice expressing truncated
fragments of mutant Htt (R6/1 and R6/2) did exhibit gene expression changes at earlier time points
than knock-in (HdhQ150, HdhQ92, Hdh4Q80) and full length mutant Htt transgenic models (YAC128
and HD46), the transcription profile of all late-stage models was similar (Kuhn et al., 2007).
mRNA biomarkers in peripheral tissues
The potential of transcriptomics to reveal biomarkers of HD in readily accessible tissue from patients
has been investigated by Krainc and colleagues. This group assessed blood samples from 62 HD
patients (presymptomatic and symptomatic) by microarray, identifying 322 mRNAs with
significantly altered expression compared to unaffected controls (Borovecki et al., 2005). Moreover,
a subset of 12 up-regulated genes was found that could discriminate all HD patients from control as
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well as late presymptomatic patients from symptomatic. Attempts to validate these potential
peripheral biomarkers of HD in independent patient cohorts have provided mixed results. While a
second study performed by the original authors confirmed up-regulation of 10 of the 12 genes in HD
patients (Lovrecic et al., 2009), an independent study found no expression differences in any of them
(Runne et al., 2007).
RNA-Seq
RNA-Seq is a powerful new technology for measuring gene expression. It works by sequencing
uniform-sized fragments of cDNA generated from an RNA sample, which can be annotated by
mapping to a reference genome. The expression level of a gene is then calculated as a function of the
number of sequence fragments that map to it. Unlike Microarray, RNA-Seq is not restricted to
measuring a predefined set of gene probes, but can sequence the entire RNA population of a sample
including non-coding RNAs and has the potential to reveal novel splice variants (Wang et al., 2009).
The analysis of RNA-Seq is still developing. Accordingly, just one RNA-Seq study examining the
HD brain has been published to date. This study characterised the small RNA population of postmortem human HD frontal cortex and striatum tissue (Marti et al., 2010). The authors report that ~80
% of the small RNA population of these tissues consisted of micro RNAs (miRNAs) and that these
showed significant length and sequence heterogeneity (termed isomiRs). Furthermore, they found a
number of up and down-regulated miRNA and isomiRs in both the HD frontal cortex and striatum.
Many of the differentially expressed miRNAs were identified as being putative targets for
transcription factors REST and p53, which are known to interact aberrantly with mutant Htt.
1.2.8.2. Proteomics
Performing 2D gel electrophoresis on post-mortem tissue from the striatum and several cortical
regions, Cabiscol and colleagues revealed that the abundance of proteins involved in antioxidant
defence and reactive gliosis was increased in post-mortem brain tissue from 8 HD patients compared
to age and sex-matched controls (Sorolla et al., 2008). This included peroxiredoxins 1, 2 and 6
(antioxidant enzymes) as well as the astrocytic marker GFAP and molecular chaperone αB-crystallin.
While the percentage of HD-specific protein differences was highest in the striatum, similar changes
were also seen in the cortex. This study also identified increased carbonylation of several proteins
including aconitase, γ-enolase, creatine kinase and GFAP. Protein carbonyls are a marker of
oxidative stress and indicate oxidative damage to these proteins.
Tabrizi and colleagues investigated plasma samples from HD patients at different clinical and preclinical stages, utilising 2D gel electrophoresis, western blot and ELISA techniques (Dalrymple et
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al., 2007). Across two independent study groups they identified 18 proteins that were present at
significantly different levels in HD samples compared to controls, several of which mediate
inflammation including α-2-microglobulin and complement components C7 and C9. The most robust
result was a disease associated increase in levels of clusterin (α and β chains); the percentage of
which correlated with advancing disease stage. Clusterin regulates the formation of the complement
complex and is known to be up-regulated during apoptosis (reviewed in Jones & Jomary, 2002). A
parallel rise in clusterin levels was also identified in cerebrospinal fluid samples assessed by ELISA.
This highlighted a link between peripheral and central nervous system changes and the potential for
clusterin to act as a peripheral biomarker of HD progression (Dalrymple, et al., 2007).
Several proteomic studies have also been performed on brain tissue from the R6/2 transgenic mouse.
Using 2D gel electrophoresis Zabel and colleagues showed changes in 1-6 % of the proteome
measured, dependent on disease stage (2-12weeks) (Zabel et al., 2009). The up-regulation of proteins
involved in glycolysis/gluconeogenesis was a feature at all stages of disease. The authors report
considerable overlap between the proteomic data and previously generated mRNA expression array
datasets (Kuhn, et al., 2007) at the level of pathways affected, but generally not a direct relationship
between altered expression levels of individual mRNAs/proteins (Zabel, et al., 2009). The findings
suggest that complex mechanisms of gene and protein expression dysregulation may exist.
Another 2D gel electrophoresis study of the R6/2 striatum revealed increased carbonylation of
several proteins including enolase, aconitase and creatine kinase enzymes. (Perluigi et al., 2005).
Oxidative damage to these enzymes is in keeping with observations later described for the postmortem brain of HD patients by Cabiscol and colleagues (refer to first paragraph in this section;
Sorolla, et al., 2008). All three enzymes are critical to metabolic processes in the cell; enolase
catalyses phosphoenolpyruvate formation as part of glycolysis/gluconeogenesis, aconitase catalyses
the conversion of citric acid to isocitrate in the citric acid cycle and creatine kinase catalyses the
release of energy from phosphocreatine in the form of phosphate, to be used to generate ATP
(Perluigi, et al., 2005). Oxidative damage to these enzymes could therefore result in dysfunction of
energy producing reactions.
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1.2.8.3. Metabolomics
Evidence for the existence of a metabolic defect is a recurring theme in HD research. A metabolite
profile could therefore provide valuable insight into the pathogenic mechanism. Metabolites are the
small molecules in cells which together comprise the metabolome. Metabolite concentration is
determined by the activity of enzymes which synthesise/degrade them and in turn by the complex
regulation of transcription, translation and protein interactions. The composition of the metabolome
at any time represents the overall energetic state of a cell or tissue. The study of metabolomics uses
techniques such as high performance liquid chromatography (HPLC), nuclear magnetic resonance
(NMR) spectroscopy and mass spectrometry. These can be used to undertake high throughput,
quantitative profiling of up to thousands of metabolites at once. Several studies have looked to utilise
such approaches to define a metabolic signature for HD.
Rubinsztein and colleagues generated metabolite profiles for serum samples from both the N17182Q mouse and HD patients using gas chromatography-mass spectrometry (Underwood et al., 2006).
In the N171-82Q mouse, multivariate analysis was able to discriminate symptomatic mice (15 weeks
of age) from asymptomatic (8 week old) and control mice. Increased levels of markers associated
with fatty acid breakdown (glycerol and malonate) and altered levels of amino acids suggested the
existence of a pro-catabolic phenotype in this model. A similar discriminatory profile was observed
for the HD patient serum samples, although this did not reach statistical significance.
An NMR study of plasma samples from 32 HD patients (presymptomatic, early manifest and mild
manifest) conducted by Durr and colleagues also implicates a hyper-metabolic phenotype (Mochel et
al., 2007). Multivariate analysis was able to discriminate HD patients at different disease stages,
including presymptomatic from early manifest and early manifest from mild manifest. The
discriminating power was attributed to significantly reduced levels of the branch chain amino acids
(BCAA) valine, leucine and isoleucine in HD plasma (Mochel, et al., 2007). The authors hypothesise
that the reduction in BCAAs reflects a deficit in substrate for the citric acid cycle in the brain, which
the periphery is trying to compensate for. Interestingly, levels of BCAAs in plasma correlated
inversely with weight loss in individuals across all disease stages studied and with CAG repeat
length. Together these observations suggested that BCAA levels may be useful biomarkers of HD
progression from an early stage.
The relevance of BCAAs as biomarkers was subsequently validated through a larger study of plasma
from 86 HD gene positive individuals ranging from presymptomatic to severe manifest (Mochel et
al., 2011). Valine, leucine and isoleucine were significantly decreased in HD patients overall
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compared to controls, as well as in groups of patients with moderate and severe symptoms. Leucine
levels were also reported to be significantly reduced in presymptomatic and mild-symptomatic
patients, implicating a role for it in the earliest stages of the disease (Mochel, et al., 2011).
NMR analysis of the transgenic rat model carrying 51 CAG repeats has also highlighted metabolic
disruption as an early molecular process in HD (Verwaest et al., 2011). The NMR spectrum of serum
and cerebrospinal fluid (CSF) was assessed from presymptomatic animals aged 2 months. In the
serum samples glutamine, succinic acid, glucose and lactate all had significantly higher
concentrations in transgenic animals, while the concentration of N-Acetylaspartate (NAA) was
significantly lower. Several of these changes are in keeping with findings from the brain of HD
patients (Ciarmiello et al., 2006; Jenkins, et al., 1993; Jenkins et al., 1998; Kuwert, et al., 1990).
Together glucose, lactate, succinic acid, glutamine, NAA and unidentified lipids constituted a
metabolic signature that could discriminate transgenic from wild-type serum samples. CSF samples
could also be discriminated based on variation in the concentration of glucose and lactate, although
in this case no metabolite showed a significant difference in concentration between transgenic and
wild-type rats individually.
Overall, the application of omics technologies may reveal the pathogenic mechanisms in HD and
could provide biomarkers that could track the effectiveness of therapeutics.
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1.3. Introduction
This thesis describes the investigation of Huntington’s disease using sheep as a model.
Our laboratory previously described the generation of 6 founder lines of transgenic HD sheep,
following pronuclear microinjection of an 11.6 kb full length human huntingtin cDNA carrying a 73
unit polyglutamine repeat (69 uninterrupted CAG repeats followed by CAACAGCAACAG) ligated
to 1.1 kb of human huntingtin 5’UTR/upstream sequence and linked to a bovine growth hormone 3’
UTR (Jacobsen, et al., 2010). Generation of this model was achieved through a collaborative effort
between The University of Auckland, New Zealand (led by Professor Russell Snell) and the South
Australian Research and Development Institute (SARDI) (led by Dr Simon Bawden) in Adelaide,
Australia.
The objective was to generate animals which would follow a late-onset, progressive disease course,
similar to the human condition. This would allow for delineation of the natural history of HD,
including its prodromal phase. Sheep were considered advantageous for modelling these features due
to their longevity (sheep typically live for 12-15 years) and brain complexity. The sheep brain is
gyrencephalic, has a prosencephalon similar to humans (Figure 1.3) and key structures of the basal
ganglia are able to be delineated (Figure 1.4).

Figure 1.3 Comparative anatomy of human, ovine and rat brain.
The gross anatomy of the external surface of the brain (lateral view) is compared between human (Homo
sapiens), sheep (Ovis aries) and rat (Rattus norvegicus). Images taken from the University of WisconsinMadison brain collection (http://www.brainmuseum.org/). Pictures are not to scale.
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Figure 1.4 Gross anatomy of the ovine basal ganglia.
Calbindin stained coronal sections at the level of the striatum are shown, delineating caudate nucleus (CN),
putamen (Pt) and globus pallidus external (GPe) and internal (GPi) segments of the basal ganglia. Insets (a
and d) show microscopic neuronal specific labelling within the caudate nucleus and globus pallidus
respectively (image reproduced with author permission from Jacobsen, et al., 2010).

Initial molecular characterisation has established a single preferred transgenic sheep line, referred to
throughout this thesis as OVT73. The HD transgene carried in the OVT73 line has integrated as
multiple full length copies at a single intergenic site within chromosome 10 of the sheep genome
(Chiang, et al., 2012). The transgene is expressed at moderate levels in brain and peripheral tissues at
both RNA and protein levels, with average transcript expression in the anterior striatum calculated at
19.1 % of total endogenous ovine huntingtin (~38 % of a single allele). Transmission of the
polyglutamine repeat appears to be relatively stable, with the most common length across 3
generations of sheep remaining at 73 units (ranging from 71-74) (HDSCRG, 2013).
Characterisation of behavioural, anatomical and molecular features of the OVT73 sheep is ongoing
and being undertaken by an international, collaborative team. The oldest live sheep are now aged 6
years and show no diagnostic neurological symptoms. Recent work has however described a
disturbance of circadian rhythm in 18 month old OVT73 sheep when they are kept as a separate flock
to wild-type animals (Morton et al., 2014). Structural changes are not seen in the brain of animals
aged 5 years when assessed by MRI (Morton, et al., 2014), nor was overt cell loss seen by
immunohistochemistry in the striatum of 6 month old OVT73 sheep (HDSCRG, 2013). Huntingtinpositive neuropil aggregates have been identified in the cortex of two 18 month old transgenic sheep,
as well as intranuclear neuronal inclusions in the piriform cortex of a single 3 year old animal
(HDSCRG, 2013). Immunohistochemical studies have also revealed significantly lower levels of
GABAARα1 protein in the striatum of 6 month old OVT73 sheep (HDSCRG, 2013). Overall, it
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appears that the OVT73 sheep model may be capturing behavioural and molecular progression
through the pre-manifest period of HD, including cellular dysfunction prior to cell loss.

1.3.1. Aims and objectives
Molecular investigation of the OVT73 sheep line forms the core of this thesis. The research
presented is focused on two main themes regarding the pathogenic mechanism of HD; effects of
mutant huntingtin on gene transcription and effects on metabolism. Given the potential to identify
biomarkers of pre-manifest HD in this model, a key objective was to pursue the use of unbiased
profiling methods including RNA-Seq and gas chromatography mass spectrometry to investigate
molecular pathology.
In the final results chapter (Chapter 7), research undertaken towards creating the next generation of
HD sheep; a knock-in model, will also be described. The pursuit of this work is based on recognition
that the gene context of the mutation and expression level is important for accurate modelling of the
disease process.
1.3.1.1. General aims
The general aim of this thesis was to investigate molecular aspects of HD using the OVT73 sheep as
a model as well as to prepare the molecular reagents for creating a knock-in sheep model of HD.
1.3.1.2. Specific aims
1. Determine if a select set of genes which are markers of the post-mortem human HD brain are
differentially expressed in OVT73 brain tissue compared to wild-type.
2. Generate a resource of sheep brain specific sequence by RNA-Seq and use this to look for
differential gene expression comparing OVT73 and wild-type samples.
3. Identify disease specific biomarkers via metabolite analysis of peripheral and brain tissues
from the OVT73 sheep using gas chromatography-mass spectrometry.
4. Generate a sheep huntingtin donor construct containing an expanded CAG repeat and
combine this with specific zinc finger nucleases to achieve targeted integration of the donor
construct into the huntingtin gene of a South Australian Merino fibroblast cell line.
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2. Chapter two
General materials and methods
2.1. General materials
2.1.1. Plasmid vectors used in this research
Plasmid vectors used in this research are listed in Table 2.1. Plasmid names provided are used where
relevant (within Chapter 7) to refer to the construct. Detailed descriptions of each plasmid are
provided Appendix IV and/or chapter 7.

Table 2.1 Plasmid vectors used in this research.

Plasmid name
pGEM®-T Easy
pCR®2.1-TOPO®
pUC57
CMV-Pac

OvHtt_100Q

OvHttDown
OvHttDown-Pac
Donor construct

Description
Cloning vector
Cloning vector
Cloning Vector
Puromycin N-acetyl-transferase gene
(Pac)
under
the
constitutive
Cytomegalovirus (CMV) promoter
An ovine huntingtin gene construct
containing a 100 unit CAG repeat
and a portion of the CMV-Pac
sequence
Wild-type ovine huntingtin exon
1/intron 1
Ligation product of OvHtt_Down
plasmid and CMV-Pac construct
Ligation product of OvHtt_DownPac
plasmid and OvHtt_100Q construct.

Source/Refer to
Promega (see Appendix IV, section 1)
Invitrogen (see Appendix IV section 2)
GenScript (see Appendix IV, section 3)
GenScript (commercially synthesised
construct; See Appendix IV, section 6)
GenScript (commercially synthesised
construct; see Appendix IV, section 7)

Generated in Chapter 7 (section
7.6.1.2)
Generated in Chapter 7
(section
7.6.2.1 )
Generated in Chapter 7 (see Appendix
IV, section 10)
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2.1.2. Chemicals and reagents used in this research
Chemical/reagent
Agarose LE multipurpose agarose
AxyPrep Plasmid Miniprep Kit
AxyPrep PCR Clean-up Kit
AxyPrep DNA Gel Extraction Kit
Real-time and end point PCR primers as specified

Supplier
Axygen
Axygen
Axygen
Axygen
Integrated DNA
Technologies
RedSafe™ Nucleic Acid Staining Solution
iNtron Biotechnology
SOC medium (Super Optimal broth with Catabolite repression)
Invitrogen/Life Technologies
Optimem
Invitrogen/Life Technologies
DMEM (Dulbecco’s Modified Eagle Medium (Invitrogen) Invitrogen/Life Technologies
(1xDMEM with D-glucose (4.5 mg/L), L-glutamine (584 mg/mL)
and Sodium pyruvate (110 mg/mL)
MEM (Minimum Essential Media)
Invitrogen/Life Technologies
1Kb Plus DNA Ladder
Invitrogen/Life Technologies
Gibco® 0.25 % Trypsin-EDTA
Invitrogen/Life Technologies
Gibco® Fetal bovine serum, qualified, US origin
Invitrogen/Life Technologies
Gibco® Penicillin-Streptomycin
Invitrogen/Life Technologies
Ambion® DNA-free™ Kit
Invitrogen/Life Technologies
Ambion® TURBO DNA-free™ Kit
Invitrogen/Life Technologies
SuperScript® III First-Strand Synthesis SuperMix Kit
Invitrogen/Life Technologies
TOPO® TA Cloning Kit with pCR®2.1-TOPO vector (and pUC19 Invitrogen/Life Technologies
transformation control vector)
One Shot® TOP10 Chemically Competent E. Coli
Invitrogen/Life Technologies
Puromycin Dihydrochloride 10 mg/mL
Invitrogen/Life Technologies
Recovery™ Cell Culture Freezing Medium
Invitrogen/Life Technologies
Sterile water/DNase and RNase free
Invitrogen/Life Technologies
Random hexamer primer
Invitrogen/Life Technologies
DNA sample loading dye
KAPA Biosystems
Universal ladder
KAPA Biosystems
KAPA2G™ Robust PCR Kit
KAPA Biosystems
Amaxa™ Basic Nucleofector™ Kit for Primary Mammalian Lonza
Fibroblasts
BsteII-HF, XhoI and MluI restriction enzymes
New England Biolabs
NEBuffer 4 and NEBuffer 3.1
New England Biolabs
PGEM®-T Easy Vector System
Promega
Buffer RLT Plus
Qiagen
RNeasy Lipid Tissue Mini Kit
Qiagen
AllPrep DNA/RNA Mini Kit
Qiagen
QIAzol Lysis Reagent
Qiagen
Universal Probe Library
Roche
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2xLightCycler® 480 Probe Master
Expand High Fidelity PCR System
Rapid DNA Ligation Kit
X-tremeGENE HP DNA Transfection Reagent
Ampicillin
EcoRI restriction enzyme
SuRE Cut Buffer H for restriction enzymes
Chloroform
DMSO
Methanol
Glycerol
DL-Alanine-2,3,3,3-d4 (d4-alanine)

General materials and methods

Roche
Roche
Roche
Roche
Roche
Roche
Roche
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

2.1.3. Buffers and media
Tris buffered EDTA (TBE) buffer: 10 mM Tris, 1 mM EDTA, pH 8.0
Phosphate buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 8.1 mM
Na2HPO4. pH 7.4
Luria-Bertani (LB) medium: 1 g Yeast extract, 2 g Tryptone, 2 g NaCl, H2O to 200 mL, pH7.5
LB agar: 3 g Agar per 200 mL LB medium
DMEM cell culture medium: 10 % v/v fetal bovine serum and Penicillin-Streptomycin (each at 100
Units per mL) in DMEM

2.2. General methods
2.2.1. Software programmes and databases used
Sequence databases: All known genomic DNA and mRNA/cDNA sequences used in this research
were obtained from GenBank (http://www.ncbi.nlm.nih.gov/Genbank). Accession numbers are
provided where relevant.
Primer design: Primers for use in endpoint polymerase chain reaction (PCR) were designed using
Primer 3.0 software, version 0.4.0 (Source code available at http://fokker.wi.mit.edu/primer3/).
Primers for real-time PCR were designed using the Universal Probe Library Assay Design Centre
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(https://www.roche-applied-science.com/sis/rtpcr/upl/index.jsp?id=UP030000).

All

primers for end-point and real-time PCR were manufactured by Integrated DNA Technologies (IDT;
Singapore).
Alignment and restriction-mapping software: The Basic Local Alignment Search Tool (BLAST)
(http://blast.ncbi.nlm.nih.gov/Blast) was used to identify regions of homology across different
sequences. Geneious software, version 6.0.3 was used to store and visualise sequence information,
including alignment and assembly of sequences obtained from Genbank and RNA-Seq data.
Geneious was also used for restriction map analysis.
Statistical software: JMP®, Version 10.0.0 (Statistical Discovery™ software from SAS) was used
for visualisation and exploratory statistical analysis of datasets generated in this research.
LightCycler Software: LightCycler® 480 software (Release 1.5.0 SP4, Version 1.5.0.39) was used
for the analysis of real-time PCR data. The Abs Quant/2nd Derivative Max function was used to
construct standard curves for assays and calculate the PCR efficiency. The Advanced Relative
Quantification function was used to quantify the expression of target assays in samples relative to
that of selected reference genes. The LightCycler® 480 manual can be found at:
http://icob.sinica.edu.tw/pubweb/Core%20Facilities/Data/R401core/LightCycler480%20II_Manual_V1.5.pdf
Real-time PCR reference gene assay analysis software: geNorm software (Microsoft Excel
geNorm, 2002) was used to identify the most stably expressed reference gene assays in sets of
samples for real- time PCR (Vandesompele et al., 2002).
AMDIS and Chemstation software: AMDIS, Version 2.69 (NIST) and MSD Chemstation (Agilent
Technologies, Inc.) software were used for performing manual integration of gas chromatography
mass spectrometry (GC-MS) data. AMDIS was used for identification of metabolites from raw
sample chromatograms (.D file extension) based on alignment to a reference metabolite library
provided by the University of Auckland Centre for Genomics and Proteomics (CGPM). MSD
Chemstation was subsequently used for the quantification of metabolite abundance based on the
height of the major ion for specific metabolite spectra.

2.2.2. DNA/RNA quantification
DNA and RNA were quantified using the NanoDrop spectrophotometer (NanoDrop Technologies;
Wilmington, USA) or 2100 Bioanalyser (Agilent), as specified.
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2.2.3. Gel electrophoresis of DNA
PCR products and products of restriction enzyme digest were separated by gel electrophoresis using
Agarose LE multipurpose agarose (Axygen). Agarose gels were 1-2 % w/v in 1x TBE buffer with 3
µL RedSafe™ Nucleic Acid Staining Solution (iNtron Biotechnology) added per 100 mL TBE. DNA
sample loading dye (Kapa Biosystems) was added to samples to 1x final concentration and DNA size
standards used were either 1 kb plus DNA ladder (Invitrogen) or Universal ladder (Kapa Biosystems)
as specified. Samples were separated at 100 V in Biorad gel tanks. Immediately following
electrophoresis, gels were visualised using a GelDoc imager (Biorad).

2.2.4. DNA sequencing
DNA sequencing was performed by Kristine Boxen at the University of Auckland CGPM on an
Applied Biosystems 3130XL Genetic Analyser, using BigDye version 3.1 terminator chemistry on
Applied Biosystems 9700 Gold Block thermal cyclers. PCR products were prepared for sequencing
at 5 ng/ 100 bp/ 10 µL reaction. Plasmid templates were prepared at 200 ng/µL in 5 µL. Sequencing
primers were prepared at 5 pmol per reaction.

2.2.5. Animal samples used in this thesis
Analyses of brain and peripheral tissues described in this thesis were performed on several groups of
sheep.
Samples from two cohorts of sheep aged 6 months and 5 years respectively formed the core sample
sets used in this research. The 6 month old cohort consisted of 7 wild-type (WT) (4 rams, 3 ewes)
and 7 OVT73 (3 rams, 4 ewes) samples which were collected in September 2010. The 5 year old
cohort consisted of 6 WT (4 rams, 2 ewes) and 6 OVT73 (3 rams, 3 ewes) samples collected in June
2012. Sampling of each cohort took multiple days to complete, with equivalent numbers of WT and
OVT73 animals being killed and sampled each day to minimise day-to-day variability. When
possible, the animals sampled each day were sex-matched. Details regarding sample identification as
well as recordings of body weight, brain weight, post-mortem delay and time under anaesthesia
before death are given in Table 2.2. The transgene status (WT or OVT73) of animals was previously
confirmed by DNA tail biopsy PCR at SARDI. All sample collections were carried out at SARDI by
both the Auckland and SARDI teams. Samples were then shipped to Auckland on dry ice for
molecular analysis.
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Table 2.2 Sampling details for the 6 month and 5 year old sheep cohorts.
Tissues were collected immediately post-mortem and used for molecular analyses reported in chapters 3, 5 and 6 of this thesis. The 6 month old cohort was
sacrificed directly, while the 5 year old animals underwent MRI analysis, with anaesthesia, and were euthanized whilst still under anaesthesia. At the time of
sampling, parameters recorded included body weight in kilograms (kg), brain weight in grams (g), post-mortem (PM) delay and time under anaesthesia (hours).
Note that PM delay refers to the time in minutes (min) between death and the completion of tissue dissection protocols. WT = wild-type. NA = not applicable.
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Brain tissue used for the generation of RNA-Seq data (described in chapter 4) was taken from the
motor cortex of 4 sex-matched 18 month old sheep. This included 1 WT ram, 1 WT ewe, 1 OVT73
ram and 1 OVT73 ewe.
Blood plasma samples were collected from a second group of live 18 month old sheep as well as a
cohort of 3 year old animals, for metabolite profiling by gas-chromatography mass spectrometry
(Chapter 5). The 18 month old group consisted of 3 WT (2 rams, 1 ewe) and 4 OVT73 (2 rams, 2
ewes). The 3 year old cohort consisted of 20 WT and 20 OVT73 sex-matched sheep. These samples
were designated with identification (ID) numbers 1-40 as detailed in Table 2.3.

Table 2.3 Status and sex of 3 year old plasma samples used for metabolite analysis.

Animal tag #
HD818
HD827
HD829
HD839
HD840
HD848
HD813
HD892
HD865
HD859
HD812
HD820
HD830
HD822
HD842
HD824
HD843
HD828
HD808
HD831

Id
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Status
WT
OVT73
WT
OVT73
WT
OVT73
WT
OVT73
WT
OVT73
WT
OVT73
WT
OVT73
WT
OVT73
WT
OVT73
WT
OVT73

Sex
ram
ram
ram
ram
ram
ram
ram
ram
ram
ram
ewe
ewe
ewe
ewe
ewe
ewe
ewe
ewe
ewe
ewe

Animal tag #
HD870
HD866
HD872
HD868
HD879
HD876
HD881
HD890
HD886
HD844
HD832
HD873
HD858
HD850
HD861
HD862
HD841
HD863
HD847
HD882

Id
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Status
WT
OVT73
WT
OVT73
WT
OVT73
WT
OVT73
WT
OVT73
OVT73
WT
OVT73
WT
OVT73
WT
OVT73
WT
OVT73
WT

Sex
ram
ram
ram
ram
ram
ram
ram
ram
ram
ram
ewe
ewe
ewe
ewe
ewe
ewe
ewe
ewe
ewe
ewe
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2.2.6. Brain tissue sampling
All animals from which brain samples were collected were first sacrificed by rapid intravenous
injection of Pentobarbitone Sodium solution (Lethabarb, 1 mL/2 kg bodyweight). The 5 year old
animals underwent MRI assessment for approximately 2.5 hours on average immediately prior to
sacrifice, during which time they were anaesthetised with diazepam IV 0.3 mg/kg and ketamine IV 5
mg/kg. Animals were not allowed to regain consciousness before euthanasia. The 6 month (Table
2.2) and 18 month old (section 2.2.5) animals were euthanized outright without MRI and thus were
not anaesthetized (i.e. straight to Lethabarb).
Immediately after death animals were exsanguinated and the head removed. The brain was extracted
whole from the skull and weighed before being dissected on a chilled surface. For the 6 month and 5
year old cohorts a team of 4 people from the University of Auckland (of which I was one) performed
brain sampling; the details of which are described in the following section. Brain tissue from the 18
month old animals was collected prior to this thesis work using a similar, less well developed
protocol.
2.2.6.1. Brain tissue blocking and sub-sampling
The first step of dissection involved separation of the cerebellum and brainstem from the cerebrum at
the level of the pons. The cerebellum was then sectioned coronally into blocks 1A and 1P, while the
brainstem was designated as block 1bs (Figure 2.1A).
The cerebrum was sectioned coronally using sharp blades to generate blocks suitable for future
sampling. A chilled glass box was used to generate a flat edge for cutting the 6 month old cohort
tissue. An improved method using a specially designed perspex cutting matrix was used to aid
precise and consistent blocking for the 5 year old cohort tissue (Figure 2.1C).
Four blocks were initially cut; designated as 2, 3/4, 5 and 6 along the caudal to rostral axis as shown
in Figure 2.1. Block 5 was then further subdivided into anterior (5A) and posterior (5P) blocks
(Figure 2.1A), and for the 6 month harvest only block 3/4 was divided into blocks 3 and 4 (Figure
2.1A). Cerebrum and cerebellar blocks were split into left and right hemispheres. Blocks from the
right hemisphere were processed by formalin fixation for immunohistochemical studies and blocks
from the left hemisphere underwent further sub-sampling for use in molecular analyses.

42

Chapter two

A)

General materials and methods

B)

C)

Figure 2.1 Overview of the brain blocking procedure used during sample collection.
A) Superior view of a freshly extracted sheep brain showing positions of coronal sectioning. Black dashed
lines indicate initial blocks made from the whole brain; grey dashed lines indicate sections made from the
initial blocks (block 5 was subdivided into 5A and 5P and for the 6 month old cohort only block 3/4 was further
separated into blocks 3 and 4). See text for further details on blocking procedure. B) Photographs of each
cerebrum block (6, 5, 3/4 and 2) immediately following sectioning. C) The perspex matrix used for blocking of
the 5 year old cerebrum. The inferior surface of the sheep brain is visible when place in the matrix.

A number of tissue regions were sub-sampled from fresh left-hemisphere cerebral blocks. These
regions included the anterior striatum, frontal pole, and occipital pole, with the addition of motor
cortex and hippocampus for the 5 year old cohort only. The anterior striatum was identified within
block 5A and dissected into 4 pieces of equal size, denoted as dorsal-lateral (DL), dorsal-medial
(DM), ventral-medial (VM) and ventral-lateral (VL) (Figure 2.2A). The frontal pole was isolated as
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a ~4mm slice of grey matter from the anterior surface of block 6 and divided into 4 subsamples,
denoted as dorsal (D), dorsal-medial (DM), medial-ventral (MV) and ventral (V) (Figure 2.3). The
occipital pole was taken as a ~4 mm slice of grey matter from the posterior surface of block 2 and
sub-sampled in the same fashion as the frontal pole (Figure 2.3). The motor cortex was dissected
from the top of block 5A and divided into anterior (A), anterior-medial (AM), medial-posterior (MP)
and posterior (P) subsamples (Figure 2.4). The hippocampus was isolated within block 3/4 and
dissected into 4 equal sized portions named medial (M), medial-medial (MM), medial-lateral (ML)
and lateral (L) (Figure 2.2B). These descriptions of relative spatial location for each subsample were
only used for the 5 year old cohort. The relative subsample location was not recorded during the
earlier 6 month old cohort collection.
All subsamples were immediately transferred to individual nunc vials and fresh frozen in liquid
nitrogen to be stored at -80 °C. The remaining tissue was fresh frozen in dry ice snow and stored at 80 °C. All tissues were shipped from SARDI to Auckland on dry ice and stored again at -80 °C until
further use.

Figure 2.2 Sub-sampling of anterior striatum and hippocampus regions of the sheep brain.
A) Coronal section of the sheep brain showing anterior striatum. The anterior striatum was isolated within
block 5A and divided into 4 subsamples (subsamples for the 5 year old cohort were labelled DM, DL, VM and
VL as shown). B) Coronal section of the sheep brain showing the hippocampus as dissected for the 5 year old
sheep cohort. The hippocampus was isolated within block 3/4 and divided into 4 subsamples (labelled M, MM,
ML

and

L

as

shown).

Sectional

images

are

from

the

Welker

Wisconsin

collection

( https://www.msu.edu/~brains/brains/sheep/thumbnails.html).
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Figure 2.3 Lateral view of sheep brain showing sub-sampling of occipital pole and frontal pole regions.
The frontal pole was isolated from the anterior surface of block 6 and divided into 4 subsamples (subsamples for the 5 year old cohort were labelled D, DM, MV and
V). The occipital pole was taken from the posterior surface of block 2 and also divided into 4 subsamples (subsamples for the 5 year old cohort were labelled D, DM,
MV and V). Divisions of cerebrum blocks 2, 3/4, 5P, 5A and 6 made are indicated by dashed grey lines. Brain image obtained from the Michigan State University
Brain Biodiversity Bank (https://www.msu.edu/~brains/brains/sheep/exterior/lateral.html).
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Figure 2.4 Superior view of sheep brain showing sub-sampling of the motor cortex region.
For the 5 year old cohort only the motor cortex was isolated from the dorsal portion of blocks 5A and 6 and split into 4 subsamples (A, AM, MP and P). Divisions of
cerebrum blocks 2, 3/4, 5P, 5A and 6 made are indicated by dashed grey lines. Brain image obtained from the Michigan State University Brain Biodiversity Bank
(https://www.msu.edu/~brains/brains/sheep/exterior/superior.html).
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2.2.7. Sampling of Peripheral tissues
Plasma samples were obtained from 18 month old and 3 year old sheep cohorts (refer to section
2.2.5) for metabolite analysis by gas-chromatography mass spectrometry. Whole blood samples were
collected at SARDI from the jugular vein of live animals. Efforts were made to ensure sheep were
calm and rested for at least 30 minutes after travelling to yards. Blood (35 mL) was drawn from each
animal and 10 mL immediately split into an EDTA vacutainer tube. Each tube was mixed by
inverting 10 times and placed in an ice bucket until collections from all animals were complete
(within a 2 hour time period). Subsequently, all tubes were centrifuged at 2000 g for 15 minutes at 4
°C. The resulting plasma fraction was carefully aspirated using a Pasteur pipette into a new tube on
ice. This was centrifuged at 3000 g for 15 minutes at 4 °C before carefully aspirating the plasma
fraction into a new tube on ice. Each plasma sample was mixed by gentle agitation before being split
into cryotubes (700 µL aliquots) and stored at -20 °C.
Liver tissue was obtained from both 6 month and 5 year old sheep cohorts (Table 2.2) immediately
post-mortem. A scalpel was used to dissect a portion of the caudal lobe of the liver, which was then
divided among several nunc vials and immediately frozen in liquid nitrogen, with storage at -80 °C.
Liver tissue was analysed in Auckland by gas-chromatography mass spectrometry.

2.2.8. RNA extraction
Total RNA was extracted from fresh frozen brain tissue using the Qiagen RNeasy Lipid Tissue Mini
Kit (Qiagen). Up to 100 mg of tissue in liquid nitrogen or on dry ice was transferred to 2 mL
Eppendorf SafeLock tubes containing three 2mm steel ball bearings and homogenised with 1 mL
QIAzol Lysis Reagent (twice for 2 minutes at 20Hz) using the TissueLyser II (Qiagen).
Homogenates were transferred to 1.5 mL microcentrifuge tubes, 200 µL chloroform added and tubes
shaken vigorously for 15 seconds before being left at room temperature for 3 minutes. Samples were
then centrifuged at 12,000 g for 15 minutes at 4 °C. The resulting upper aqueous phase was
transferred to a new microcentrifuge tube and the remaining interphase and organic phases discarded.
1 volume of 70 % ethanol was added to the aqueous phase and vortexed. Up to 700 µL sample was
then loaded onto an RNeasy Mini Spin Column and centrifuged at 10,000 g for 30 s to bind RNA.
The column was washed once with 700 µL of RWI buffer and twice with 500 µL buffer RPE as per
the manufacturer’s guidelines, before being transferred to a clean 1.5 mL collection tube. 40 µL
RNase free water (Invitrogen) was used to elute the RNA. The eluted sample was reloaded onto the
column once to concentrate the final RNA sample.
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To remove traces of genomic DNA, RNA samples were DNase treated using the Ambion® DNAfree™ Kit or in the case of the 5 year old sheep cohort, the TURBO DNA-free™ Kit (both from Life
Technologies). RNA samples (40 µL) were incubated with 2 U rDNase I and 0.1 volume 10x DNase
I buffer (or 2U TURBO DNase and 0.1 volume 10x TURBO DNase buffer) at 37 °C for 20-30
minutes. This was followed by the addition of 0.1 volume DNase Inactivation Reagent and
incubation for 2 minutes at room temperature with occasional mixing before centrifugation at 10,000
g for 1.5 minutes and transfer of the RNA solution to a clean collection tube.
Quantification and integrity of DNase-treated RNA was assessed by NanoDrop for the 6 month old
sheep cohort and by 2100 Bioanalyser (Agilent) for the 5 year old cohort and 18 month old motor
cortex samples. Aliquots of RNA were diluted in nuclease-free water as specified in the relevant
chapters, and stored at -80 °C until further use.

2.2.9. First strand cDNA synthesis
Copy DNA (cDNA) was synthesised from DNase-treated RNA by reverse transcription polymerase
chain reaction (RT-PCR) using the SuperScript® III First-Strand Synthesis SuperMix Kit
(Invitrogen). Initial reaction mixtures contained DNA-free RNA (amount specified in the relevant
chapters), 10 µM random hexamer primer (sourced separately from Invitrogen), 1μL Annealing
buffer and RNase-free water in a total volume of 8 µL. Mixtures were incubated for 5 minutes at 65
°C before moving to ice for 1 minute and the addition of 2x First-Strand Reaction Mix (contains 10
mM MgCl2, and 1 mM each dNTP in proprietary buffer) and 2 µL SuperScript® III/RNaseOUT™
Enzyme Mix to a final volume of 20 µL. Reactions were vortexed and centrifuged briefly before
incubation for 10 minutes at 25 °C, followed by 50 minutes at 50 °C and termination of reactions at
85 °C for 5 minutes. Terminated reactions were transferred to ice and cDNA aliquots diluted as
detailed in the relevant chapters. Unless otherwise specified, cDNA was stored at -20 °C for shortterm use.
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2.2.10. Real-time PCR
Real-time PCR was used to quantify the expression of markers of end-stage HD pathology in the 6
month and 5 year old sheep cohorts (Chapter 3) and transcripts identified as being differentially
expressed (OVT73 vs. WT) in an RNA-Seq study of the 18 month old sheep motor cortex (Chapter
4).
2.2.10.1. Assay design and selection
Real-time PCR assays for target genes and candidate reference genes were designed using the Roche
Universal Probe Library Assay Design Centre (refer to section 2.2.1). Ovine NCBI refseqs for target
and reference genes were not available from GenBank at the time of assay design, so BLAST was
used to identify Ovis aries sequence from expressed sequence tag (EST) and/or nucleotide collection
(nr/nt) databases within NCBI, based on homology to human and bovine reference sequences.
Alignment of all available EST and nr sheep sequences to bovine and human gene homologues was
performed with Geneious software and used to generate a consensus sequence for each gene, to be
used as the input for assay design. Where possible, assays selected were designed to target regions of
the consensus where Ovis aries sequence was available, and also to be intron-spanning (as annotated
in human and bovine gene homologues) in order to reflect expression of the protein-coding RNA
sequence and to minimise effects of any genomic DNA contamination. For each primer pair the
Assay Design Centre also identified an appropriate 5’FAM-labelled short (8-9 nucleotide) hydrolysis
probe to be used for product detection during real-time PCR. These probes are available as part of
the Universal Probe Library (Roche; Mannheim, Germany).
Several assays were tested for each target gene of interest and candidate reference gene, but due to
limited tissue availability only one assay per gene was used to analyse the experimental samples.
From those assays shown to produce a single product after 45 cycles of real-time PCR, the single
best-performing assay was therefore chosen. Amplicons were not sequenced to confirm their identity
provided a single product of the expected size was obtained.
During the course of this research Ovis aries NCBI refseqs for many target and candidate reference
genes became available (see Table 2.4, Table 2.5 and Appendix I, section 1), and homology of realtime PCR assays to these sequences was subsequently confirmed.
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HD marker gene assays
Assays for 9 target genes assessed in chapter 3 of this thesis and known to be altered in post-mortem
HD brain, as well as assays for the reference genes ribosomal protein S18 (RPS18) and Eukaryotic
translation initiation factor 4A2 (EIF4A2), were designed and tested in work completed outside of
this thesis, with the selection of single assays for each gene based on specificity and general
reliability of performance including the calculated PCR efficiency. The 9 genes of interest included
brain-derived neurotrophic factor (BDNF), cannabinoid CB1 receptor (CNR1), dopamine- and
cAMP-regulated phosphoprotein (DARPP-32), dopamine receptor subtypes 1 (DRD1) and 2
(DRD2), gamma-aminobutyric acid receptor subunit alpha 1 (GABAARα1), glial fibrillary acidic
protein (GFAP), histone H2A family member Y (H2AFY), and proenkephalin (PENK). Primer
sequences and assay details used for the measurement of these genes are provided in Table 2.4.
Based on homology to annotated human sequence, all assays used were predicted to detect all
transcript variants, with the exception of DARPP-32 where the assay used was complementary only
to variant 1 (the primary transcript) of three known human variants.
During the course of this research assays for 7 candidate reference gene assays (in addition to the
existing assays for RPS18 and EIF4A2) were designed and tested as part of the selection of reference
genes for analysis of the 5 year old sheep cohort. These included: beta-actin (ACTB), beta-2microglobulin (B2M), calnexin (CANX), cyclin D1 (CCND1), glyceraldehyde-3-phosphate
dehydrogenase

(GAPDH),

hydroxymethylbilane

synthase

(HMBS)

and

tyrosine

3-

monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide (YWHAZ). The
design and selection of these assays is described in chapter 3. A list of primer sequences for all
reference gene assays tested is provided in Appendix I, section 1.
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Table 2.4 Real-time PCR assays used in chapter three of this thesis.
Target genes for gene expression analysis are detailed along with the reference genes (RPS18, CANX, EIF4A2 and YWHAZ) used for normalisation of target gene
expression. Forward and Reverse primer sequences are provided for each gene and the corresponding universal probe number. The location of assays within the
human gene homologue is described along with the NCBI accession number of bovine (Bos taurus) reference sequences used for assay design and the most recent
Ovine (Ovis aries) predicted sequences. bp = predicted amplicon size in base pairs.

BDNF

Forward primer
(5’ – 3’)
ctgcaggggcatagacaag

Reverse primer
(5’-3’)
gcacgtacgactgggtagttc

Assay location (based on
human homology)
exon 11

Bovine/Ovine NCBI accession
number
NM_001046607.2 / XM_004016358.1

CNR1

tttgagtccaagtggcattaag

ttttcctgctgtgtgggttt

5

exon 4

NM_001242341.1 / XM_004011281.1

65

DARPP-32

accgcaagaagatccagttc

tctgagagccggaacagc

20

exon 1/3 (intron spanning)

NM_174647.2 / XM_004012843.1

115

DRD1

ggcaagaccatcaacaactg

cttattagagaggatgaaatggcata

15

exon 2

NM_174042.2 / XM_004010191.1

68

DRD2

gctcttcggactcaacaaca

gaagggcacgtagaaggaga

25

exon 4/5, (intron spanning)

NM_174043.2 / XM_004016032.1

97

GABAARα1

tgggaaaagtgtggttccag

ctggccagattaggggtgt

164

exon 15

NM_001191119.3 / XM_004009040.1

108

GFAP

ttgaggaagatccatgaggag

agatcaggcttggccacat

3

exon 3/4 (intron spanning)

NM_174065.2 / XM_004012992.1

95

H2AFY

caagaagggcagggtcac

gattcagctcttcatcgttgg

18

exon 4

NM_001046340.1 / XM_004008809.1

65

PENK

ccagtgccctcagcaaac

tgaagcccccgtacttctt

91

exon 4

NM_174141.2 /GAAI01007159.1

60

RPS18

tccagcacatcttgcgagta

tcgtcccacacccttaattg

70

exon 2/3 (intron spanning)

NM_001033614.2 / XM_004018745.1

89

CANX

ggaactctgtcagggtggatt

tcatttcatctacctcccattttc

142

exon 3/4/5 (intron spanning)

NM_001105612.1 / XM_004008385.1

97

EIF4A2

ggggcatctatgcttatggtt

tcgtcccacacccttaattg

135

exon 3/4 (intron spanning)

NM_001034044.2 / GAAI01000515

94

YWHAZ

cgctacttggctgaggttg

aaaagcttcttggtatgcttgc

9

exon 7/8 (intron spanning)

NM_174814.2 / NM_001267887.1

81

Gene

Universal
probe #
118

bp
62

51

Chapter two

General materials and methods

RNA-Seq data validation assays
Assays for 8 transcripts of interest identified from RNA-Seq analysis of the 18 month old sheep
motor cortex (Chapter 4) were designed and tested in work completed outside of this thesis. Briefly,
single assays for each transcript were selected for use based on specificity and general reliability of
performance, including the calculation of PCR efficiency. In addition to using ovine ESTs and
bovine reference sequence information, the RNA-Seq read data itself was incorporated into the
consensus sequence used for assay design. The transcripts of interest were ubiquitin specific
peptidase 1 (USP1), glial maturation factor β (GMFB), prostaglandin D2 synthase 21 kDa (PTGDS),
hippocalcin like 4 (HPCAL4), phosphoglucomutase 2 (PGM2), clathrin heavy chain (CLTC),
prostaglandin E synthase (PTGES3) and voltage-gated type III sodium channel subunit β (SCN3B).
Primer sequences and assay details used for the measurement of target gene expression described in
chapter 4 of this thesis are provided in Table 2.5.
Reference gene real time PCR assays used to normalise target transcript expression included those
for EIF4A2 and RPS18 as introduced in the previous section. A further assay was also designed and
used for CANX. Primer sequences and assay details for these assays are detailed in Table 2.5.
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Table 2.5 Real-time PCR assays used in chapter four of this thesis.
Target transcripts for gene expression analysis are detailed along with the reference gene assays (RPS18, EIF4A2 and CANX) used for normalization of target
transcript expression. Forward and Reverse primer sequences are provided for each target and reference gene and the corresponding Universal probe number. The
location of assays within the human gene homologue is described, along with the NCBI accession number of bovine (Bos taurus) and the most recent ovine (Ovis
aries) reference sequences. bp = predicted amplicon size in base pairs.

CLTC

Forward primer
(5’ – 3’)
tgttcaggccgccaatac

Reverse primer
(5’-3’)
cataggactcacgagccttctt

Assay location (based on
human homology
exon 21/22 (intron spanning)

Bovine/Ovine NCBI Accession
number
NM_174023.2 / XM_004013181.1

GMFB

cgcaaagaaacaaacaatg

ctggtgaaatgcctcaagc

42

exon 2/3/4 (intron spanning)

NM_001101237.1 / XM_004010658.1

104

HPCAL4

cagccggccactgtttag

cggcacatttttaggcattta

64

exon 4

NM_001099382.1 / XM_004001831.1

62

PGM2

aactggctatgatgataatgaacct

acgcctccattagcaaagc

71

exon 12/13 (intron spanning)

XM_002688226.1 / XM_004009764.1

96

PTGDS

ggaaaagttcaccaccttcg

gtcttgggcaggaacacaat

116

exon 5

NM_174791.4 / NM_001009257.1

69

PTGES3

cggacagatcgattttatgttg

aagctttgccctttctttcg

162

exon 4/5 (intron spanning)

NM_001007806.2 / GAAI01000039.1

83

SCN3B

ggcttcccttctgctcatct

gagggcacttccacacaca

38

exon 1/2 (intron spanning)

NM_001046495.1 / XM_004016116.1

63

USP1

gctgctagtggcttggagtt

cagtaaaggagtgttgatcttgga

77

exon 9/10 (intron spanning)

NM_001046224.1 / XM_004002034.1

66

RPS18

tccagcacatcttgcgagta

tcgtcccacacccttaattg

70

exon 2/3 (intron spanning)

NM_001033614.2 / XM_004018745.1

89

EIF4A2

ggggcatctatgcttatggtt

gcttgagcaatcacatcataca

135

exon 3/4 (intron spanning)

NM_001034044.2 / GAAI01000515

97

CANX

aaaccccagagctcaatctg

tttgtggcggaagatgaagt

55

exon 6/7 (intron spanning)

NM_001105612.1 / XM_004008385.1

113

Transcript

Universal
probe #
48

bp
86
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2.2.10.2. cDNA standards for real-time PCR
Serial 5x standard cDNA dilution series of 1:3, 1:15, 1:75, 1:375 and 1:1875 were created (in
nuclease-free water) and used for the generation of standard curves by real-time PCR for each
reference and target gene.
For the 6 month old cohort serial dilutions were created from undiluted occipital pole cDNA pooled
from all 14 animals, across all three cDNA preparations. The standards were applied in the analysis
of gene expression for both anterior striatum and frontal pole tissues from the 6 month old age group.
For the 5 year old cohort separate standard dilution series were generated for each of three tissue
regions of interest (anterior striatum, frontal pole and motor cortex). This was done in an attempt to
minimize potential effects of anatomical region variability on quantification. Serial dilutions were
created from undiluted cDNA pooled from all 12 samples for the appropriate tissue region. The
standards were applied in the analysis of gene expression for individual samples from the same tissue
region.
For the analysis of 18 month old motor cortex, serial cDNA dilutions were created from an undiluted
pool of RNA (1.5 µg total) generated from the frontal cortex of two 7 month old sheep (1 WT, 1
OVT73). These standards were analysed on assays for all 8 transcripts of interest, as well as the 3
reference gene assays used.
cDNA synthesis for all standard dilutions was performed by RT-PCR using the SuperScript® III
First-Strand Synthesis SuperMix Kit as described in section 2.2.9.
2.2.10.3. Real-time PCR experimental protocol
Real-time PCR reactions were carried out using the LightCycler® 480 Universal Probe system
(Roche). Individual reactions contained 2.5 µL diluted cDNA template, 0.5 µM Forward and Reverse
primers (IDT), 0.1 µL Universal Probe Library probe, 5 µL 2xLightCycler® 480 Probe Master and
1.4 µL PCR-grade water in a total volume of 10 µL. PCR cycling conditions included initial
denaturation for 10 minutes at 95 °C, 45 cycles of 95 °C for 10 seconds and 60 °C for 30 seconds,
followed by cooling at 40 °C for 10 seconds.
Real-time PCR experiments were carried out in 384-well plate format with a single reaction per well.
Each cDNA sample was assayed in triplicate wells to provide technical replicates. Individual animals
were considered biological replicates. The appropriate standard cDNA dilution series was also
assessed in triplicate for each target and reference gene assay. Unless otherwise specified, standard
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dilutions were included in-run with the samples of interest for that assay. Standard curves for all
dilution series were generated using the Abs Quant/2nd Derivative Max LightCyler480® software
function. This function also calculates the efficiency of PCR across the known concentration range,
with 100 % efficiency being equal to 2 (doubling of products with each cycle). Standard curves were
used to normalise the expression of samples for each real-time PCR assay.
The LightCycler® 480 software ‘Advanced Relative Quantification’ analysis function was used for
relative quantification of target gene expression compared to the geometric average of selected
reference gene assays (assays used are detailed where relevant). This function is based on the EMethod of relative quantification (Tellmann, 2006), which is able to compensate for differences in
the amplification efficiency of target and reference genes by normalising to the standard curve for
each gene.

2.2.11. RNA-Sequencing (RNA-Seq)
RNA-Sequencing (RNA-Seq) was carried out on RNA extracted from the region estimated to be
motor cortex (based on delineation by Simpson & King, 1911) in the 18 month old sheep brain
samples. The region was dissected using a sharp scalpel, from the dorsal face of fresh frozen block 6
of 2 WT and 2 OVT73 samples (refer to section 2.2.5 for sample details) on dry ice. The coronal
sulcus was used as a landmark for dissection (the location of the coronal sulcus can be seen in Figure
2.4). RNA was extracted from < 100 mg tissue portions using the RNeasy Lipid Mini Kit as
described in section 2.2.8. Extracted RNA was shipped to GeneWorks (Adelaide, Australia) for
RNA-Seq analysis. At GeneWorks, RNA from the 2 WT samples were pooled together as was RNA
for the 2 OVT73 samples. Each RNA pool (4 µg total) was then poly (A) selected, fragmented and
used to prepare separate WT and OVT73 cDNA libraries by RT-PCR using random hexamers.
Following cDNA synthesis, end repair and the addition of an ‘A’ nucleotide to the 3’ terminal of
each fragment, Illumina adaptor molecules were ligated to each fragment. cDNA fragments of ~200
bp were then size selected from an agarose gel following electrophoresis. RNA-Seq was undertaken
on this set of fragments using the Illumina Genome Analyzer II in single-plex (a single cDNA library
per lane of the flow cell). Paired end 65 bp sequence reads were produced (gap size estimate ~70 bp).
Sequence.txt files for each read (in FASTQ format) were generated using CASAVA 1.6 software.
Methods for transcriptome assembly, quantification and analysis of differential expression are
described within Chapter 4.
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2.2.12. Gas-Chromatography Mass Spectrometry
Gas chromatography mass spectrometry (GC-MS) was used as a method for profiling small
metabolites. Tissues assessed included 7 plasma samples from 18 month old sheep (3 WT, 4 OVT73;
see section 2.2.539), 40 plasma samples from 3 year old sheep (20 WT, 20 OVT73; see Table 2.3)
and several tissues from the 6 month and 5 year old sheep cohorts. For both cohorts cerebellum,
motor cortex and liver samples were analysed. Hippocampus tissue was also analysed from the 5
year old cohort. Plasma and solid tissue samples were obtained as described in sections 2.2.6 and
2.2.7.
2.2.12.1. Metabolite extraction
Metabolites were extracted from samples using a methanol based protocol as per guidelines provided
by the University of Auckland Centre for Genomics, Proteomics and Metabolomics (CGPM). For
plasma analysis either a 300 µL or 500 µL aliquot (specified within chapter 5) was used for each
extraction, whilst at least 100 mg of homogenised solid tissue was required. Each sample was
prepared in duplicate (i.e. a total of 600 or 1000 µL plasma and at least 200 mg homogenised solid
tissue was required). Extraction protocols for each tissue type were as follows:
Plasma samples
Isotope labelled DL-Alanine-2,3,3,3-d4 internal standard (Sigma Aldrich), hereafter referred to as
d4-alanine was added (20 µL at 10 mM) to each aliquot of plasma, mixed by inversion and frozen
overnight (-80 °C). Once hard frozen, samples were freeze-dried overnight (VirTis BenchTop K). To
each freeze dried sample (sitting on dry ice), 500 µL pre-chilled 50 % methanol (Sigma Aldrich) was
added and vortexed for 1 minute followed by brief chilling at -20 °C (ethanol bath). Samples were
subsequently centrifuged at 1960 g for 5 minutes at 4 °C and the supernatant transferred to a 15 mL
Falcon tube at -20 °C (ethanol bath). Five hundred micro-litres of 80 % methanol (pre-chilled) was
then added to each pellet and the vortex and centrifugation steps repeated, with the resulting
supernatant for each sample pooled with the original. The volume of each pooled supernatant was
increased to 5-6 mL total using milli-Q water, vortexed briefly then frozen overnight (-80 °C). Once
hard frozen, samples were again freeze-dried overnight. Duplicate samples sets were processed
consecutively. Once dry, samples were transferred to CGPM staff for derivatisation and GC-MS.
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Solid tissues
For solid tissues, subsamples of ~300 mg fresh frozen tissue were dissected and crushed into a fine
powder under liquid nitrogen using a pre-chilled mortar and pestle. Powdered samples were poured
into 50 mL Falcon tubes and methanol extraction performed as follows:
Internal standard (40 µL of 10 mM d4-alanine) and 1 mL of 50 % methanol (pre-chilled) were added
to each tube on dry ice and vortexed for 1 minute followed by brief chilling at -20 °C (ethanol bath).
Vortexing and chilling was repeated 3 times for each sample, followed by centrifugation at 1960 g
for 5 minutes at 4 °C. The resulting supernatant for each sample was transferred to a 15 mL Falcon
tube (in a -20 °C ethanol bath). Two millilitres of 80 % methanol was then added to each tissue
pellet, samples vortexed three times for 1 minute each followed by centrifuge at 4600 g for 5 minutes
at 4 °C. The resulting supernatant was pooled with the original for each sample. Each pooled
supernatant was vortexed for 30 seconds before immediate division across two 15 mL Falcon tubes
on dry ice (to be used as technical replicates). The volume of each tube was increased to 5-6 mL
using milli-Q water, vortexed briefly and frozen overnight (-80 °C). Once hard frozen, samples were
freeze dried overnight. Once dry, duplicate sample sets were transferred to CGPM staff for
derivatisation and GC-MS. The tissue pellet remaining after methanol extraction was desiccated at
37 °C until completely dry. The weight of the dried pellet was recorded and used as the sample
biomass for downstream normalisation of metabolite abundance.
2.2.12.2. Methyl chloroformate derivatisation of samples and GC-MS
As GC-MS analyses volatile compounds, it was necessary to derivatise non-volatile compounds.
Derivatisation was performed by CGPM staff using a standard protocol based on methyl
chloroformate, which alkylates amino and carboxyl groups (Smart et al., 2010). This approach
targets the analysis of amino acids, fatty acids and organic acids. Briefly, samples were re-suspended
in 400 µL of 1 M sodium hydroxide and centrifuged at 2500 rpm for 5 minutes at 6 °C. The resulting
supernatant for each sample was transferred to a silanised culture tube. Methanol (334 µL), pyridine
(68 µL) and methyl chloroformate (40 µL) was added to each tube and vortexed for 30 seconds. A
further 40 µL methyl chloroformate was added and vortexed. Chloroform (400 µL) was added and
vortexed for 10 seconds followed by the addition of 50mM sodium bicarbonate and vortexing for 10
seconds to quench the reaction. Derivatised mixtures were centrifuged for 5 minutes at 2500 rpm at 6
°C. The aqueous phase was removed and the extract transferred to a GC vial for analysis.
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GC-MS was performed using an Agilent 7890A gas chromatograph coupled to a 5975C inert mass
spectrometer with a split/split-less inlet. Instrument parameters were based on those previously
described (Smart, et al., 2010). The identification and quantification of metabolites from GC-MS
data generated is described within the relevant chapters.

2.2.13. Genomic DNA extraction from the 2D636 cell line
Genomic DNA was extracted from a wild-type South Australian Merino sheep fibroblast primary
cell line (ID: 2D636), established previously from ear tissue biopsy at SARDI. Prior to DNA
extraction, passage 7 fibroblasts were slowly thawed from frozen (-80 °C) and grown as a monolayer
in Glasgow’s Minimum Essential Medium (MEM; Life Technologies) at 37°C with 5 % CO2. Once
80-90 % confluent, cells were detached from the plastic surface using Gibco® 0.25 % TrypsinEDTA (Life Technologies). After inactivation of trypsin using MEM, two thirds of the cell volume
was centrifuged at 310 g for 1 minute and the remaining one third was tested and confirmed to be
free of mycoplasma. Following centrifugation, supernatant was removed and the cell pellet washed
with PBS. The cell suspension was again centrifuged at 310 g for 1 minute, after which PBS was
removed to leave the cell pellet.
Genomic DNA was extracted from the cell pellet using the AllPrep DNA/RNA Mini Kit (Qiagen).
The pellet was homogenised in 700 µL Buffer RLT Plus using a syringe with a 25-gauge needle to
lyse cellular membranes. The homogenate was split across two AllPrep DNA mini-spin columns and
centrifuged at 8600 g for 30 seconds. Columns were subsequently placed into new 2 mL collection
tubes. Five hundred microlitres of Buffer AW1 was added to each column and centrifuged at 8600 g
for 15 seconds, after which 500 µL Buffer AW2 was added and columns centrifuged at 14550 g for 2
minutes. Filtrate was discarded after each spin. The columns were then transferred to separate 1.5
mL collection tubes. Buffer EB (100 µL) was added to each column, incubated at room temperature
for 1 minute then centrifuged at 8600 g for 1 minute. The two eluants were combined, quantified by
NanoDrop at 105 ng/μL and stored at -20˚C.

2.2.14. PCRs on sheep genomic DNA
PCR amplification was performed in 50 µL volumes using the Expand High Fidelity PCR System
(Roche). Amplification reactions contained 200 µM of each dNTP, 0.3 µM of Forward and Reverse
primers, Expand High Fidelity Buffer (15 mM KCl, 10 mM Tris, 1.5 mM MgCl2), 2.6 Units Expand
High Fidelity enzyme mix and 105 ng genomic DNA (2D636 cell line). DMSO (6 % v/v) was added
to increase amplification efficiency and specificity. Sequences of all primers used for PCR are
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provided in Appendix IV (section 8). Although a number of PCRs were undertaken, only two
products ‘OvHttDown’ and ‘OvHttUp’ were ultimately used in this thesis (see Chapter 7, results
section 7.6.1.2). The OvHttDown PCR product was generated using Exon1_1F Forward and
Intron1_5R Reverse primers and amplification conditions included initial denaturation at 95 °C for 5
minutes followed by 35 cycles of 94 °C for 30 seconds, 55 °C for 30 seconds and 72 °C for 1.5
minutes. The OvHttUp PCR product was generated using Prom_3F Forward and Exon1_1R Reverse
primers and amplification conditions included initial denaturation at 94 °C followed by 35 cycles of
94 °C for 30 seconds, 60 °C for 30 seconds and 72 °C for 2 minutes. Final extension at 72 °C for 7
minutes was performed for both PCRs before cooling to 15 °C.

2.2.15. Cloning
2.2.15.1. TA-cloning of PCR products
PCR products (2-4 µL) were TA-cloned using either pCR®2.1-TOPO® (Invitrogen) or PGEM®-T
Easy (Promega) Vector systems as per the manufacturer’s guidelines. The presence of 3’ thymidine
(T) overhangs on the linearised cloning vectors are compatible with 3’ deoxyadenosine (A)
overhangs on PCR products generated by Taq polymerase during PCR, allowing for efficient ligation
of PCR inserts with vector.
2.2.15.2. Transformations
Ligation reactions were transformed into One Shot® TOP10 Chemically Competent E. coli
(Invitrogen). Each ligation reaction (2 μL) was incubated in a single vial of thawed TOP10 E. coli
for 30 minutes on ice followed by heat shock for 30 seconds at 42 °C and immediate return to ice for
2 minutes. 250 µL SOC medium (Invitrogen) was then added, tubes tightly capped and shaken
horizontally for at 37 °C for 1 hour at 225rpm. Reactions were spread onto ampicillin (Amp)
selective (100 µg/mL) LB agar plates (pre-warmed at 37 °C) as 50 µL on one plate and the
remaining volume on a second plate. LB agar plates spread with transformations were incubated
overnight at 37 °C, or for 30-36 hours at 28 °C for transformants containing cloned DNA with
expanded CAG repeats. The reduced temperature was used due to issues with repeat stability known
to be encountered with growth at 37 °C (Dr S. Reid, personal communication). For each new batch
of E. coli used, 10pg pUC19 control plasmid DNA (Invitrogen) was transformed as a positive
control.
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2.2.15.3. Plasmid DNA purification
In preparation for high quality plasmid DNA purification, single colonies were picked from Amp
selective LB agar plates with a pipette tip and used to inoculate 5 mL LB with Amp (100 µg/mL).
Broth cultures were shaken at 180rpm overnight at either 37˚C or 28˚C as specified. The following
day glycerol stocks were prepared from 600 µL culture and 600 µL of 100 % glycerol, for storage at
-80 °C. The remaining culture was centrifuged at 1500 g for 3 minutes and the resulting supernatant
discarded before plasmid purification of the pellet using the AxyPrep Plasmid Miniprep Kit
(Axygen) as per the manufacturer’s standard spin protocol. Purified plasmid DNA was suspended in
60 µL eluant, quantified by NanoDrop and stored at -20 °C. DNA sequencing was performed as
described in section 2.2.4, using M13 Forward (5'-TGTAAAACGACGGCCAGT-3') and M13
Reverse (5'-CAGGAAACAGCTATGACC-3') cloning vector sequencing primers.
2.2.15.4. Plasmid DNA ligation
Ligations of plasmid DNA (see chapter 7) were undertaken using the Rapid DNA Ligation Kit
(Roche). Each ligation reaction contained vector and insert at a 1:1 or 1:3 Molar ratio, 5 U T4 DNA
Ligase and T4 DNA Ligation Buffer. Reactions were mixed gently and incubated for 5 minutes at
room temperature before moving to ice and proceeding to transformation. Transformation and
propagation of ligations was performed in One Shot® TOP10 E. coli as described in section 2.2.15.2.

2.2.16. Cell Culture
The wild-type South Australian Merino fibroblast cell line 2D636 was used for all cell culture
experiments. Cells were maintained in 150 mL flasks at 37˚C in 5 % CO2 in 20 mL of DMEM (Life
Technologies) based media. The full media included 10 % v/v foetal bovine serum and PenicillinStreptomycin (each at 100 Units per mL) in DMEM. Cells were passaged every 3-4 days once 90100 % confluent, using 0.25 % trypsin 0.03 % EDTA (Invitrogen) to detach cells from the plastic
surface.
2.2.16.1. Transfection
Either X-tremeGENE HP DNA Transfection Reagent (Roche) or Nucleofection (Lonza) were used
to transfect nucleic acids into the 2D636 cell line. For lipofection with X-tremeGENE HP DNA
Transfection Reagent, nucleic acid was transfected using 3x v/w X-tremeGENE HP DNA
Transfection Reagent and 100 µL serum free media (Optimem, Invitrogen). Reaction mixtures were
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incubated at room temperature for 30 minutes before transfection to allow for complex formation.
Cells were transfected as a monolayer when they were ~70 % confluent and incubated at 37 °C.
Electroporation of cells was carried out by Nucleofection using the Amaxa Nucleofector™. For each
Nucleofection, pelleted 2D636 fibroblasts (cell number specified where relevant) were re-suspended
in 100 µL Nucleofector™ solution from the Amaxa™ Basic Nucleofector™ Kit for Primary
Mammalian Fibroblasts (Lonza) and combined with the appropriate nucleic acid (specified where
relevant). The entire mixture was then transferred into a cuvette (supplied in the Nucleofector™ kit)
and transfection performed using a proprietary Nucleofection™ program of the Amaxa
Nucleofector™. Immediately following Nucleofection, cells were recovered in ~500 µL pre-warmed
full media, transferred to single wells of a 6 well cell culture plate (9.6 cm2 growth area/well) and
incubated at 37 °C in a total volume of 1.5 mL full media.
2.2.16.2. Passage, freezing and DNA extraction from transfected 2D636 cells
At passage (> 90 % confluency), 2D636 cells nucleofected with nucleic acid (as part of Chapter 7,
results section 7.6.5) also had a portion of cells frozen for storage and DNA extracted from another
portion of cells. Media was removed and 1 mL trypsin-EDTA added per well to detach cells from the
plastic surface. Trypsin was inactivated with 1 mL full media containing 0.5 µg/mL puromycin and
the entire contents of the well transferred to a 50 mL Falcon tube. Cells were sheared within the
Falcon tube using a 10 mL serological pipette before transferring 400 µL (1/5th of total cell volume)
to a new well on a 6 well plate containing 1.1 mL pre-warmed full media with 0.5 µg/mL puromycin
and incubated at 37 °C. From the remaining 1.6 mL of cells a further 400 µL was transferred to a
second 50 mL Falcon tube. This tube was centrifuged at 300 g for 5 minutes after which supernatant
was removed, the pellet re-suspended in 500 µL Recovery™ Cell Culture Freezing Medium (Life
Technologies) and cells frozen in nunc vials at -80 °C for short term storage.
The remaining 1.2 mL of cells was harvested for DNA extraction using the AllPrep DNA/RNA Mini
Kit (Qiagen). Cells were again centrifuged at 300 g for 5 minutes, after which supernatant was
carefully removed and cells lysed in 350 µL Buffer RLT Plus (10 µL 2-Mercaptoethanol added per
1000 µL RLT Plus). Following lysis, cells were homogenised using a 21-gauge needle with 10 mL
syringe and transferred to an AllPrep DNA/RNA spin column (Qiagen). DNA extraction was carried
out as per the manufacturer’s instructions, with elution in 60 µL Buffer EB and quantification by
NanoDrop.

61

Chapter three

End-stage HD marker gene expression in the OVT73 sheep brain

3. Chapter three
End-stage HD marker gene expression
in the OVT73 sheep brain
3.1. Overview
Although the cause of Huntington’s disease is known to be a CAG repeat expansion in the HD gene, the
molecular mechanisms through which the mutant Htt protein causes cellular dysfunction and
neurodegeneration remain poorly understood.
Studies of post-mortem HD brain have revealed characteristic changes in the expression of a number of
genes, generating the hypothesis that transcription changes may play a role in pathogenesis (reviewed in
Cha, 2007). The most consistently observed differences have been to genes encoding markers of striatal
MSNs including enkephalin (ENK), substance P (SP), type 1 cannabinoid CB1 receptor (CNR1),
dopamine receptor subtypes 1 (DRD1) and 2 (DRD2), and dopamine-and-cAMP regulated
phosphoprotein (DARPP-32). Also reported are increases in the inflammatory marker glial fibrillary
acidic protein (GFAP) and losses of gamma aminobutyric acid receptor subtype A (GABAAR)
expressed on striatal interneurons. Gene expression changes also occur in the cerebral cortex, including
a reduction in levels of brain derived neurotrophic factor (BDNF) (Cha, 2007).
As gene expression changes observed in the HD brain have been limited to end-stage tissue which may
be confounded by cell loss, it has been difficult to establish their role in the disease process. Rodent
models of HD recapitulate many of the end-stage marker gene changes. Some expression alterations
have been identified from early-symptomatic time points, supporting their involvement in the disease
prior to end-stage (Cha, 2007; Luthi-Carter, et al., 2002a). Accelerated models with rapid onset and fast
progression show earlier and more extensive changes than slower progressing knock-in and full length
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transgene models which more accurately capture the genetic basis of HD (Chan et al., 2002). The
relevance of end-stage HD markers to early disease stages remains to be determined.
The work in this chapter describes a candidate gene approach investigating transcription changes in HD,
using the OVT73 sheep as a model. The mRNA levels of BDNF, CNR1, DARPP-32, DRD1, DRD2,
GABAAR subunit α1 (GABAARα1), GFAP and proenkephalin (PENK); genes known to be altered in
the end-stage HD brain, were measured in several brain regions from the OVT73 sheep. Recently H2A
histone family member Y (H2AFY) mRNA levels have been found to be up-regulated in the postmortem HD frontal cortex and in blood from presymptomatic gene-positive individuals (Hu et al., 2011)
and so this gene was also assessed in the OVT73 tissues.
Transcription was measured in brain tissue from 6 month (n=14) and 5 year old (n=12) sheep cohorts.
These are the first time points to be collected as part of ongoing analysis of the OVT73 line. The 6
month old animals are sexually immature, while the 5 year olds are fully grown young to mid-life adults.
The initial focus of this study was on the striatum, since it is the brain region most severely affected in
HD (Vonsattel, et al., 1985). Transcription in frontal pole and motor cortex regions was also assessed as
cortical dysfunction is a feature of the disease (reviewed in Estrada-Sanchez & Rebec, 2013). Real-time
PCR was used for all measurements.
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3.2. General aim
Compare gene expression changes observed in the end-stage HD brain with symptom free OVT73
sheep.

3.3. Specific aims
1. Establish standard protocols for reliable real-time PCR analysis of sheep brain tissue.
2. Quantify and compare the expression of selected end-stage HD marker genes in tissue dissected
from the anterior striatum and frontal pole of 7 wild-type and 7 OVT73 sheep aged 6 months,
and anterior striatum, frontal pole and motor cortex of 6 wild-type and 6 OVT73 sheep aged 5
years, using real-time PCR.

3.4. Methods
3.4.1. Tissue samples assessed
Measurement of gene expression by real-time PCR was performed on RNA from 6 month and 5 year old
frozen tissue subsamples. The 6 month old cohort was 7 WT and 7 OVT73 animals sacrificed in
September 2011. The 5 year old cohort was 6 WT and 6 OVT73 animals sacrificed in June 2012 (see
General Methods section 2.2.5 for further sample details). As the harvests occurred 9 months apart, gene
expression analysis for each cohort was performed separately.
Anterior striatum and frontal pole tissue samples were assessed in both cohorts and motor cortex added
for the 5 year old analysis. A single subsample (of 4 dissected) was used from each tissue region. The
relative anatomical location of each subsample was not known for the 6 month old cohort analysis.
Sample collection was improved for the 5 year old cohort, with anatomically defined subsamples DL
(Dorsal-Lateral), D (Dorsal) and MP (Medial-Posterior) from the respective tissue regions used for realtime PCR assessment (refer to Figure 2.2 - Figure 2.4 of General Methods).
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3.4.2. Genes assessed
The HD marker genes tested were BDNF, CNR1, DARPP-32, DRD1, DRD2, GABAARα1, GFAP,
PENK and H2AFY, by single locus, specific real-time PCR assays for each gene. The assays were
selected in work performed outside of this thesis (described in General Methods, section 2.2.10). Tissue
regions assessed for each gene are detailed in Table 3.1. Assessments were initially focused on the
region where each gene is known to be affected in the human disease (highlighted in bold in Table 3.1).
Measurements were also made in the other regions of interest if the transcript was readily detectable.

Table 3.1 HD marker genes and sheep brain regions assessed by real-time PCR.
The 9 HD marker genes of interest and brain regions in which their expression levels were assessed are detailed.
Bold-type face denotes regions where expression level alterations for each gene are reported in the HD brain.

*Only assessed for the 5 year old cohort.

3.4.3. RNA extraction and first strand cDNA synthesis
RNA was extracted from ≤ 100 mg each tissue sample (as described in General Methods section 2.2.8)
and was DNase-treated, quantified and diluted to 400 ng/ µL in nuclease-free water.
cDNA synthesis was performed by reverse transcription-PCR (RT-PCR) using the SuperScript® III
First-Strand Synthesis SuperMix Kit (Invitrogen), with 1.5 µg DNase-treated RNA in each 20 µL
reaction. cDNA was diluted 1:8 in PCR-grade water and stored at -20 °C (6 month old animals) and
diluted 1:10 in PCR-grade water and stored at -80 °C (5 year old animals). The change in dilution and
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storage temperature between cohorts was an empirical decision to conserve cDNA for future assessment
of further genes.
Serial 5x standard cDNA dilutions were used to generate standard curves for each real-time PCR assay,
with some cohort-specific differences as described in General Methods section 2.2.10.2.

3.4.4. Real-time PCR experiments performed
Real-time PCR reactions were carried out in 10 µL volumes in 384-well plate format, using the
LightCycler480® Universal Probe System and standardised PCR cycling conditions (described in
General Methods section 2.2.10.3).
3.4.4.1. Selection of specific and stably expressed reference gene assays
Ribosomal protein S18 (RPS18) and eukaryotic translation initiation factor 4A2 (EIF4A2) were used as
reference genes for normalisation of HD marker gene expression in the 6 month old cohort anterior
striatum and frontal pole.
A more rigorous reference gene selection process was implemented for the 5 year old cohort based on
recommendations in literature (Bustin et al., 2009; Vandesompele, et al., 2002). As well as RPS18 and
EIF4A2, assays were designed for a further 7 candidate reference genes including beta-actin (ACTB),
beta-2-microglobulin (B2M), calnexin (CANX), cyclin D1 (CCND1), glyceraldehyde-3-phosphate
dehydrogenase

(GAPDH),

hydroxymethylbilane

synthase

(HMBS)

and

tyrosine

3-

monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide (YWHAZ). These
were selected from literature describing reference genes suitable for brain tissue (Benn et al., 2008;
Coulson et al., 2008). Appendix I, section 1 details all candidate reference gene assay primer sequences.
Each candidate reference gene assay was tested for tissue-specific suitability. Of the assays found to be
specific (producing a single PCR band of the correct size), those with PCR efficiencies in a nominal
range of 1.8-2.2 (2.0 = 100 % efficiency) in the tissue of interest were chosen for assessment of their
expression stability in the experimental samples (pooled across three cDNA preparations and normalised
against the standard curve for that assay). The open source software geNorm (Vandesompele, et al.,
2002) was used to determine the expression stability (M-value) of each candidate reference gene assay
and optimal reference gene number (V-value). The M-value algorithm generates and compares ratios of
expression for each possible candidate reference gene pair. It is based on the concept that the ratio
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between 2 stably expressed genes will be constant across all samples. The V-Value indicates the
difference made to overall stability by each additional reference gene. The optimal reference gene
number is determined where the V-value for adding an additional gene is less than 0.15. In this
experiment the optimal reference gene number for each tissue was two.
3.4.4.2. Assessment of the relative expression of end-stage HD marker genes
Gene expression levels were measured by assaying each sample in three independent cDNA
preparations generated from a single RNA extraction, with amplification reactions for each cDNA
sample run in triplicate. In all but one case (the 6 month old anterior striatum), limited tissue availability
meant that multiple RNA extractions from each tissue region could not be analysed. Triplicate wells and
cDNA preparations were all considered technical replicates (of real-time PCR and RT-PCR cDNA
synthesis reactions respectively).
RPS18 and EIF4A2 reference gene assays were measured on the same 384-well plate as each other in
the 6 month old analysis, with the HD marker gene assays on a separate plate. Subsequently, for the 5
year old cohort all samples for a given HD marker gene were assayed on the same 384-well plate as the
reference gene assayed samples in order to minimise technical variability between LightCycler480®
runs. The appropriate standard cDNA dilution series was included in the same 384-well plate as the
individual samples being assessed, and measured with the same gene assay. Exceptions to this included
assays for RPS18, EIF4A2 and GFAP in the 6 month old anterior striatum samples, where standard
cDNA dilutions were run on a separate plate to the individual samples.
Relative quantification of gene expression was carried out as described in General Methods section
2.2.10.3. Briefly, a ratio of the average expression of each sample across triplicate wells was calculated
relative to the geometric mean of expression for the 2 reference gene assays. Statistical analysis involved
normalisation of the HD marker gene expression ratio within each cDNA preparation to the sample with
the lowest ratio. The lowest ratio was chosen for convenience. Normalising to the median or highest
ratio was done for comparison and made a negligible difference (data not shown). Normalised relative
expression ratios for each sample were then averaged across the three cDNA preparations. Student’s ttest was used to determine the statistical significance of differences in relative gene expression between
WT and OVT73 samples. Analysis of variance (ANOVA) was performed to examine for transgene
effects within single-sex groups. JMP® software (version 10) was used to perform these tests.
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3.5. Results
The relative expression of 9 end-stage HD marker genes was measured in the anterior striatum and
cortical tissues from two cohorts of sheep aged 6 months and 5 years, comparing wild-type (WT) and
OVT73. The results of this analysis, performed using real-time PCR, are described in sections 3.5.23.5.4.
Section 3.5.1 begins with an analysis of parameters recorded at the time of sample collection at SARDI
including body weight, brain weight, post-mortem delay and time under anaesthesia. This was to check
for any fundamental differences between the sample populations which could impact on the
interpretation of the experiments described in this thesis.

3.5.1. Assessment of sampling parameters for the sheep cohorts
In order to determine whether WT and OVT73 samples used in this study were well matched, Students
t-test and analysis of variance (ANOVA) statistical tests were used to test for potential differences due to
post-mortem (PM) delay, time under anaesthesia, brain weight and body weight (as detailed in Table 2.2
of General Methods).
There were no significant differences between WT and OVT73 for any sampling parameter overall in
the 6 month old cohort (*p<0.05, Student’s t-test) or when the samples were separated into single sex
groups (*p<0.05, ANOVA). Therefore, it appears that the 6 month old WT and OVT73 samples are well
matched for these parameters. Regardless of status, the 6 month old rams (n=7) were 4.5 kg heavier on
average than the 6 month old ewes (n=7) (p=0.0407, one-tailed t-test) as expected of the South
Australian Merino breed.
Similarly, the 5 year old rams (n= 7) were 14.9 kg heavier on average than the 5 year old ewes (P =
0.011, two-tailed Student’s t-test). Post-mortem delay for rams was also 12 minutes longer on average
(P = 0.0008, two-tailed t-test) due to greater thickness of rams skulls resulting in longer brain extraction
times.
There were no significant differences between WT and OVT73 in post-mortem delay, time under
anaesthesia or body weight for the 5 year old cohort (*P <0.05, Student’s t-test and ANOVA). There
was also no OVT73 specific difference in brain weight after adjusting for sex (*P <0.05, ANOVA).
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3.5.2. Performance of end-stage HD marker real time PCR assays
Single locus real-time PCR assays were used to measure the expression of each end-stage HD marker
gene of interest. Amplification curves for all gene assays were detectable above the LightCycler® 480
set threshold (Cp) after 18-28 cycles of real-time PCR, with good separation from negative controls
(generally >10 cycles). Examples of amplification curves for each HD marker gene assay are provided
in Appendix I (section 2). After 45 cycles of amplification, all PCR products were visualized on agarose
gels as single amplicons of the predicted size (data not shown).
Amplification efficiencies determined from standard curves generated for each HD marker gene assay
varied between different tissue regions (Table 3.2). Efficiencies for most assays were within an
acceptable range of 1.8-2.2. A few had efficiencies <1.8. Unfortunately, limited sample availability
meant that it was not possible to develop alternative assays for these genes. The LightCycler® 480
Relative Analysis algorithm is however designed to account for differences in amplification efficiency
and so the decision was made to include the assays with suboptimal amplification efficiencies in this
experiment.
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Table 3.2 HD marker gene real-time PCR assay amplification efficiencies.
The PCR amplification efficiency for each end-stage HD marker gene assay is shown as derived from standard
curves generated from 4 cDNA dilution series: 6 month old occipital pole and 5 year old anterior striatum (DL
subsample), frontal pole (D subsample) and motor cortex (MP subsample). Amplification efficiencies were
determined using the LightCycler®80 software Abs Quant/2nd Derivative Max function (100 % amplification
efficiency = 2.0). Standard curves generated from 6 month old cohort occipital pole tissue were applied to assess
anterior striatum and frontal pole samples for that cohort. Standard curves generated from the 5 year old tissues
were applied to assess the corresponding experimental samples for that cohort. NA = not assessed.

Gene
BDNF
CNR1
DARPP-32
DRD1
DRD2
GABAARα1
GFAP
H2AFY
PENK

6m Occipital
pole
2.054
1.653
1.877
1.767
2.173
1.963
1.802
1.670
2.040

5yr Anterior striatum
(DL)
NA
1.830
1.854
1.989
1.856
1.890
1.730
NA
1.763

5yr Frontal pole
(D)
1.940
NA
NA
1.837
1.932
1.761
1.700
1.690
1.787

5yr Motor cortex
(MP)
1.866
NA
NA
NA
NA
1.876
1.904
1.885
1.903

The specificity of the reference gene assays (RPS18 and EIF4A2) used to normalise gene expression in
the 6 month old cohort tissues was confirmed by visualisation of single PCR products of the expected
size on agarose gel after 45 PCR cycles (data not shown). Both assays were readily detected and PCR
efficiencies of 1.836 and 1.822 were determined from standard curves for RPS18 and EIF4A2
respectively. Appendix I (section 3) provides examples of amplification curves for both assays.
The selection and performance of reference gene assays used for analysis of the 5 year old cohort tissues
is described in detail in results section 3.5.4.1.
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3.5.3. HD marker gene expression in the 6 month old cohort
3.5.3.1. HD marker gene expression in the 6 month old anterior striatum
The striatum was the primary tissue of interest in this study as it is known to be severely affected by
dysfunction and degeneration in HD and shows a number of gene expression changes post-mortem
(reviewed in Cha, 2007). The expression levels of CNR1, PENK, DARPP-32, DRD2, DRD1,
GABAARα1 and GFAP HD marker genes were assessed by real-time PCR in the anterior striatum of 7
WT and 7 OVT73 animals aged 6 months.
The average relative expression of all 7 genes is shown in Table 3.3. CNR1 and PENK relative
expression was significantly higher in OVT73 samples compared to WT by 47 % and 118 % on average
respectively, and GABAARα1 relative expression was 25 % lower on average in the OVT73 samples
compared to WT (P<0.05, two-way Student’s t-test).
Table 3.3 Average relative HD marker gene expression in the 6 month old anterior striatum.
Average relative expression levels of end-stage HD marker genes measured in 6 month old sheep anterior
striatum (7 WT, 7 OVT73) by real-time PCR. Gene expression values are relative to the geometric mean of
RPS18 and EIF4A2 expression in the same samples, and normalised. The relative standard error (RSE) between
animals is shown as a percentage of the mean. *P<0.05, two-tailed Student’s t-test (OVT73 vs. WT).

Gene

WT ± RSE

OVT73 ± RSE

OVT73 vs. WT
(% difference)

P -value

Anterior striatum
GABAARα1
CNR1
PENK
DARPP-32
DRD2
DRD1
GFAP

2.72 ± 6.0
1.31 ± 10.8
6.41 ± 26.0
4.51 ± 26.1
5.53 ± 26.3
2.66 ± 19.5
2.11 ± 13.0

2.04 ± 9.8
1.92 ± 10.7
14.00 ± 20.7
8.08 ± 14.1
10.51 ± 17.4
4.03 ± 13.8
1.67 ± 18.4

-25.0
+ 47.1
+118.4
+79.0
+90.2
+ 51.4
-21.1

0.023*
0.032*
0.048*
0.050
0.056
0.098
0.302

Despite reaching statistical significance, the differential expression of CNR1, PENK and GABAARα1
did not completely delineate OVT73 samples from WT. Variation in expression levels were evident
between individual animals within WT and OVT73 groups for each gene (Figure 3.1). This was
particularly evident for PENK (Figure 3.1C), which had a relative standard error (RSE) >20 % for both
WT and OVT73 groups (also refer to Table 3.3).
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Figure 3.1 HD marker gene expression in the 6 month old anterior striatum.
Average relative expression levels are shown for each wild-type (WT1-7) and OVT73 (HD1-7) animal, for each
end-stage HD marker gene measured in the 6 month old sheep anterior striatum by real-time PCR. A)
GABAARα1, B) CNR1, C) PENK, D) GFAP, E) DARPP32, F) DRD2 and G) DRD1. Expression values are relative
to the geometric mean of RPS18 and EIF4A2 expression in the same samples and normalised. Error bars for
each animal are the standard error between cDNA preparations. Error bars for average (Avg) WT and OVT73
(HD) expression are the standard error between individual samples. *P <0.05, two-way Student’s t-test (OVT73
vs. WT). See text for further details.
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To test if the transgene specific changes were related to sex differences, the data was reanalysed within
sex. Comparing WT and OVT73 ram samples; statistically significant differences were detected for all 7
end-stage HD marker genes assessed. This included higher average relative levels of CNR1, PENK,
DARPP-32, DRD2 and DRD1 in OVT73 rams (n=3) compared to WT rams (n=4) by 90 %, 258 %, 187
%, 209 % and 112 % respectively, whilst GABAARα1 levels were 27 % lower in OVT73 rams (P <
0.05, two-way ANOVA). A statistically significant difference was also identified for GFAP by one-way
Student’s t-test, showing 38 % lower levels on average in OVT73 rams compared to WT rams (p =
0.0336). The ram-specific differences for all genes except GABAARα1 completely delineated all WT
from OVT73 samples (Figure 3.2). No significant differences were apparent between WT and OVT73
ewe samples for any of the HD marker genes assessed.
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Figure 3.2 HD marker gene expression in the 6 month old ram anterior striatum.
Average relative expression levels are shown for each wild-type ram (WT1, 2, 4) and OVT73 ram (HD2, 5, 6), for
each end-stage HD marker gene measured in the 6 month old sheep anterior striatum by real-time PCR. A)
GABAARα1, B) CNR1, C) PENK, D) GFAP, E) DARPP32, F) DRD2 and G) DRD1. Expression values are relative
to the geometric mean of RPS18 and EIF4A2 expression in the same samples and normalised. Error bars for
each animal are the standard error between cDNA preparations. Error bars for average (Avg) WT and OVT73
(HD) expression are the standard error between individual samples. *P <0.05, **P <0.01; two-way Student’s t-test
(OVT73 vs. WT). See text for further details.
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3.5.3.2. HD marker gene expression in a 2nd subsample of 6 month old anterior striatum
It was recognised from the outset of this study that differential gene expression in one striatal region
may not be evident in the entire striatum. Therefore attempts were made to minimise the potential effect
of global gene expression variation by sampling only from the anterior striatum. However, the anterior
striatum subsamples from the 6 month old animals were not location matched. It may be that variation
between and within WT and OVT73 groups (refer to Figure 3.1) could be at least partly due gene
expression differences across the anterior striatum.
To investigate this potential variation and validate the statistically significant results from the 6 month
old animals, GABAARα1, CNR1 and PENK expression was measured in cDNA generated from a
second anterior striatum subsample. These subsamples were also not matched for their relative location.
Unfortunately, this analysis (subsample #2) found no significant differences in the average relative
expression of the three genes (*P <0.05, Student’s t-test). When relative expression values from the two
sets of subsamples were averaged, significant differences were not detected for any of the three genes
overall either (*P <0.05, Student’s t-test). Table 3.4 compares differences in relative gene expression
(OVT73 vs. WT) for each set of subsamples individually (subsample set #1, subsample set #2) and after
averaging.

Table 3.4 HD marker gene expression in two subsample sets from 6 month old anterior striatum.
The average percentage difference in relative gene expression between OVT73 and WT is compared for the HD
marker genes GABAARα1, CNR1 and PENK as assessed by real-time PCR in subsample set #1 and subsample
set #2 cDNA from the 6 month old sheep anterior striatum. The subsample averaged result is also shown (*P
<0.05, two-tailed Student’s t-test).

Gene
GABAARα1
CNR1
PENK

OVT73 vs. WT
OVT73 vs. WT
P -value
P -value
(% difference)
(% difference)
Subsample #1
Subsample #2
-25.0
0.023*
+9.1
0.562
+ 47.1
0.032*
+8.9
0.677
+118.4
0.048*
-32.0
0.169

OVT73 vs. WT
P(% difference)
value
Subsample average
-13.3
0.118
+21.2
0.266
+5.1
0.836
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Once again, there was considerable gene expression variability between animals in subsample set #2
(Figure 3.3D-F), especially for PENK. Side-by-side comparison to subsample set #1 (Figure 3.3A-C)
shows that the pattern of variability across individual animals was different between the two extractions.
Pair-wise correlation (Pearson product-moment) of relative expression values supported this, with no
significant correlations identified between subsample set #1 and #2 for any gene (*P <0.05).
When the expression data for subsample set #2 was separated into single sex groups, no significant
differences (OVT73 vs. WT) were detected for CNR1, GABAARα1 or PENK (*P <0.05, ANOVA). In
the data averaged across subsamples 1 and 2 however, GABAARα1 and PENK were both differentially
abundant in the OVT73 ram samples compared to WT rams. (OVT73 vs. WT -20.3 %, P =0.0268 and
OVT73 vs. WT +52.5 %, P = 0.037 respectively, two-way ANOVA). This was consistent with results
for these genes in subsample set #1 (refer to Figure 3.2). Overall, the contrasting results between two
sets of anterior striatum subsamples indicate considerable gene expression variation within this region.
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Figure 3.3 HD marker gene expression in two sets of subsamples from the 6 month old anterior striatum.
Average relative expression levels are shown for each WT (WT1-7) and OVT73 (HD1-7) animal, for three endstage HD marker genes measured in the 6 month old anterior striatum by real-time PCR. A-C) Expression of
GABAARα1, CNR1 and PENK in subsample #1 cDNA (#1) (reproduced from Figure 3.1); D-F) Expression of
GABAARα1, CNR1 and PENK in subsample #2 cDNA (#2). Expression values are relative to the geometric mean
of RPS18 and EIF4A2 expression in the same sample, and normalised. Error bars for individual samples reflect
standard error between cDNA preparations. Error bars for average (Avg) WT and OVT73 (HD) expression are the
standard error between individual samples. *P <0.05, two-way Student’s t-test (OVT73 vs. WT). See text for
further details.
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3.5.3.3. HD marker gene expression in the 6 month old frontal pole
In addition to the striatum, gene expression changes also occur in the wider cerebral cortex of the
post-mortem HD brain (Hodges, et al., 2006; Hu, et al., 2011). The frontal pole anatomical region, as
an easily identifiable and accessible region of the cerebral cortex, was dissected and used to test the
relative gene expression levels of BDNF, GABAARα1, GFAP and H2AFY in the 6 month old
animals. No statistically significant differences (OVT73 vs. WT) were detected in the expression of
any gene assessed overall or within single sex groups (*P <0.05, Student’s t-test and ANOVA)
(Table 3.5).
Compared to the anterior striatum, the frontal pole demonstrated lower animal-to-animal variation in
relative expression levels. This is evidenced by comparison of RSE values (compare Table 3.3 and
Table 3.5). The expression of some genes in the frontal pole was in fact remarkably similar between
animals. For example, the gene H2AFY had an RSE of just 3.6 % between WT samples and 5.1 %
between OVT73 samples (Table 3.5).

Table 3.5 Average relative HD marker gene expression in the 6 month old frontal pole.
Average relative expression levels of end-stage HD marker genes measured in 6 month old sheep frontal pole
(7 WT, 7 OVT73) by real-time PCR. Gene expression values are relative to the geometric mean of RPS18 and
EIF4A2 expression in the same samples, and normalised. The relative standard error (RSE) between animals
is shown as a percentage of the mean. *P <0.05, two-way Student’s t-test.

Gene
Frontal pole
BDNF
GABAARα1
GFAP
H2AFY

WT ± RSE

OVT73 ± RSE

OVT73 vs. WT
(% difference)

P -value

1.59 ± 8.9
1.45 ± 5.9
2.10 ± 10.1
1.34 ± 3.6

1.41 ± 6.7
1.39 ± 6.1
2.12 ± 8.6
1.35 ± 5.1

- 11.4
- 4.3
+ 0.9
+0.7

0.309
0.607
0.949
0.912
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3.5.4. HD marker gene expression in the 5 year old cohort
Following the 6 month old tissue analysis, improvements were made to both sub-sampling and realtime PCR methods used for the 5 year old cohort. The aim was to establish a standardised protocol
for reliable and consistent candidate gene assessment in OVT73 samples.
Variability in gene expression observed for the 6 month old anterior striatum suggested that subanatomical location was important. Consequently, the precise relative anatomical location of 5 year
old cohort subsamples was recorded and matched for assessment. In addition to the anterior striatum
and frontal pole, the motor cortex was included as a region of interest for this cohort, as studies by
Stefano Patassini (UoA, PhD student) had defined the location of the ovine primary motor cortex in
time for sampling.
To reduce technical variation, a number of candidate reference gene assays were tested to find the
most stably expressed reference genes in each tissue of interest. Additionally, standard curves for all
gene assays (target and reference) were generated which were specific to each tissue region.
3.5.4.1. Selection of reference gene assays for the tissue regions of interest
A total of 13 assays designed for 9 candidate reference genes (including RPS18 and EIF4A2) were
tested for specificity and reliability of product detection (refer to section 3.4.4.1 for method details).
Five assays were eliminated due to poor amplification under standard PCR conditions and one due to
detection of a non-specific PCR product. Standard curves were assessed for the remaining 7 specific
assays and their PCR efficiencies derived. Assays with efficiency outside the nominal acceptable
range of 1.8-2.2 were discarded.
Ultimately, 4 candidate reference gene assays for the anterior striatum (RPS18, EIF4A2, CANX and
YWHAZ), 3 for the frontal pole (RP18S, EIF4A2 and CANX) and 5 for the motor cortex (RPS18,
EIF4A2, CANX, YWHAZ and GAPDH) met the required criteria. These assays were then analysed
for their expression stability in the samples of interest, with geNorm software used to determine the
most stable and optimal number of assays. Assays for CANX and YWHAZ were subsequently
selected as reference genes to be used in relative expression analysis for both the anterior striatum
and motor cortex, whilst RPS18 and CANX were chosen for the frontal pole. Amplification curves
for these assays in their selected tissue of interest are shown in Figure 3.4.
Some amplification was noted in negative controls for 4 of these assays (Figure 3.4A, B, C and F).
As the negative controls were only detectable >5 cycles after the experimental (+RT) samples
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however (equal to 32 fold less copies of product), effects on the experiment overall were considered
negligible.

Figure 3.4 Amplification curves for reference gene assays used to assess the 5 year old cohort.
Examples of real-time PCR amplification curves are shown for each reference gene assay used to normalise
HD marker gene expression in the 5 year old cohort brain tissues. A) CANX amplification curves in the
anterior striatum (efficiency = 2.035; RSE = 8.2 %); B) YWHAZ amplification curves in the anterior striatum
(efficiency = 1.842; RSE = 7.4 %); C) RP18S amplification curves in frontal pole (efficiency = 2.008; RSE = 4.3
%); D) CANX amplification curves in frontal pole (efficiency = 2.003; RSE = 7.5 %); E) CANX amplification
curves in motor cortex (efficiency = 2.199; RSE = 6.6 %); F) YWHAZ amplification curves in motor cortex
(efficiency = 1.92; RSE = 6.63 %). For each assay all 12 experimental samples (+RT) are shown (an example
is indicated in Figure 3.4B) as well as pooled negative reverse transcription (–RT) and template negative
(NTC) controls (examples are indicated in Figure 3.4B). Curves for each sample are in triplicate. Red curves
represent samples detected above the set threshold of fluorescence. Green and blue curves were not reliably
detected and correspond to negative control reactions.
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3.5.4.2. HD Marker Gene assessment in 5 year old brain tissues
Once suitable reference genes were selected, the relative expression levels of selected HD marker
genes were assessed in anterior striatum, frontal pole and motor cortex tissues from 6 WT and 6
OVT73 animals aged 5 years.
Comparing OVT73 and WT, there were no significant differences in average relative gene
expression overall in the 5 year old tissues (*P < 0.05, Student’s t-test) (Table 3.6). When the
samples were subdivided into single sex groups, DRD1 relative expression was found to be 18.8 %
higher on average in OVT73 ram samples (n=3) compared to WT rams (n=4) in the motor cortex (P
= 0.0346, one-tailed t-test) (Figure 3.5). The ram-specific differential expression of cortical DRD1 is
in agreement with data from the 6 month old anterior striatum (refer to Figure 3.2).
It was interesting to note that expression variation between animals in the anterior striatum samples
was in general, markedly lower in the 5 year old samples than for the same genes measured in the 6
month old anterior striatum (compare RSE values in Table 3.3 and Table 3.6).
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Table 3.6 Average relative HD marker gene expression in 5 year old cohort brain tissues.
Average relative expression levels of end-stage HD marker genes measured in 5 year old sheep anterior
striatum, frontal pole and motor cortex (6 WT, 6 OVT73) by real-time PCR. Gene expression values are
relative to the geometric mean of two reference genes expression in the same samples (CANX and YWHAZ in
the anterior striatum and motor cortex, CANX and RPS18 in the frontal pole), and normalised. The relative
standard error (RSE) between animals is shown as a percentage of the mean. *P <0.05, two-way Student’s ttest.

Gene
Anterior striatum
GABAARα1
CNR1
PENK
DARPP-32
DRD2
DRD1
GFAP
Frontal pole
BDNF
GABAARα1
GFAP
H2AFY
PENK
Motor cortex
BDNF
DRD1
GABAARα1
GFAP
H2AFY
PENK

WT ± RSE

OVT73 ± RSE

OVT73 vs. WT
(% difference)

P -value

1.49 ± 8.1
1.54 ± 7.5
1.35 ± 7.1
1.52 ± 9.7
1.53 ± 15.3
1.43 ± 7.9
1.63 ± 11.8

1.49 ± 5.1
1.45 ± 8.9
1.48 ± 8.7
1.46 ± 7.1
1.62 ± 12.1
1.36 ± 5.8
1.60 ± 7.2

+0.16
-5.8
+9.2
- 4.3
+5.7
-5.0
-2.0

0.987
0.615
0.457
0.723
0.780
0.612
0.889

3.46 ± 19.6
1.57 ± 13.9
1.65 ± 8.9
1.21 ± 6.2
2.79 ± 17.5

2.85 ± 27.5
1.65 ± 7.1
1.42 ± 8.1
1.15 ± 3.2
2.88 ± 18.8

-17.7
+5.3
-14.0
-4.9
+3.5

0.569
0.746
0.247
0.498
0.896

1.54 ± 6.1
1.23 ± 5.3
1.47 ± 5.4
1.67 ± 9.0
1.26 ± 6.6
1.31 ± 9.2

1.67 ± 9.0
1.36 ± 4.2
1.40 ± 13.4
1.86 ± 10.4
1.40 ± 4.9
1.61 ± 11.2

+8.5
+10.1
-5.0
+11.1
+11.0
+23.2

0.483
0.184
0.730
0.465
0.228
0.197
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Figure 3.5 DRD1 expression in 5 year old motor cortex ram samples.
Average relative expression levels are shown for each wild-type ram (WT3, 4, 5) and OVT73 (HD4, 5, 6) for
DRD1 measured in the 5 year old motor cortex by real-time PCR. Expression values are relative to the
geometric mean of CANX and YWHAZ expression in the same samples, and normalised. Error bars for each
animal are the standard error between cDNA preparations. Error bars for average (Avg) WT and OVT73
expression are the standard error between individual samples. Average relative DRD1 expression was 18.8 %
higher in OVT73 rams compared to WT rams (P = 0.0346, one-tailed Student’s t-test).

3.6. Discussion
This chapter describes the expression analysis of a selection of candidate HD marker genes in brain
tissue from young (6 month old) and mature (5 year old) OVT73 sheep. The genes analysed are
known to be differentially expressed in the end-stage HD brain, but their role in the progression of
disease towards this point is poorly understood due to limited opportunity to study the brain of preand early-symptomatic patients. Their differential expression in the symptom-free OVT73 sheep
would thus imply a contribution to pathology in the very early stages of HD. It would also indicate
disease onset in the OVT73 line. Determining the earliest molecular changes in HD is important as
prodromal therapy is arguably where most benefit to gene-positive individuals could be gained.

3.6.1. Differential HD marker gene expression in the 6 month old
anterior striatum
Candidate gene expression analysis in the 6 month old anterior striatum was undertaken
independently on two sets of subsamples from the same animals. Variability in results obtained
between the sets of subsamples will be discussed further in this section. First however, results from
the analysis of subsample set #1 will be discussed with the assumption that they are valid.
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Real-time PCR data from the anterior striatum (subsample set #1) revealed differential expression of
several HD marker genes in OVT73 samples. Specifically, relative expression levels of CNR1 and
PENK were significantly higher in OVT73 compared to WT by 47 % and 118 % respectively, whilst
GABAARα1 expression was 25 % lower (refer to Table 3.3).
The reduced expression of GABAARα1 is in keeping with studies of the post-mortem HD brain.
Selective loss of GABAergic MSNs is a hallmark of HD and loss of benzodiazepine receptor binding
(known to contain the GABAARα1 subunit) in the striatum has been described across all
neuropathological grades (Glass, et al., 2000). In agreement with the real-time PCR data,
densitometric analysis performed by S. Patassini on immunohistochemical sections from the same
sheep have also shown significantly lower GABAARα1 immuno-reactivity in both the caudate
nucleus (-9.4 %, P = 0.038) and putamen (-13.8 %, P = 0.029) (HDSCRG, 2013).
The significantly higher level of CNR1 and PENK mRNA in the OVT73 sheep is in contrast to the
end-stage human condition, where their mRNA levels are demonstrably reduced in the HD striatum
and globus pallidus (Augood, et al., 1997; Augood, et al., 1996; Hodges, et al., 2006; Richfield et al.,
1995). This difference is perhaps not surprising given that the OVT73 sheep is a presymptomatic
model. To reiterate, knowledge of molecular dysfunction/pathology in the HD brain is limited mostly
to end-stage tissue and we do not know if these genes are important in early phases of the disease.
The differential expression of CNR1 and PENK could reflect compensatory mechanisms operating
early in the disease; for example increased transcription in response to reduced protein levels.
Supporting this hypothesis, immunohistochemical studies by S. Patassini have shown significantly
lower immuno-reactivity of enkephalin protein in MSN terminals within the globus pallidus of the 6
month old OVT73 samples (33 %, P <0.05). However, no significant difference in CB1 immunoreactivity has been found in any region of the 6 month old OVT73 basal ganglia (HDSCRG, 2013).
As there was substantial variation in relative gene expression levels between animals in the 6 month
old anterior striatum (refer to Figure 3.1), the statistically significant effects for CNR1, PENK and
GABAARα1 overall (subsample set #1) should be considered with care. In addition, the relationship
between gene and protein expression is known to be complex (Vogel & Marcotte, 2012), meaning
these alterations in mRNA levels may not necessarily correspond to altered levels of functional
protein.
Further analysis showed that the results for CNR1, PENK and GABAARα1 were driven primarily by
differences between the WT ram and OVT73 ram samples. Significant differences (OVT73 vs. WT)
were also identified for DARPP-32, DRD1, DRD2 and GFAP when only the ram samples were
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considered. Although the sample size is small, the OVT73 ram samples were able to be completely
delineated from WT ram samples for all these HD marker genes except GABAARα1 (refer to Figure
3.2). Meanwhile, no significant differences were detected between WT and OVT73 ewes for any
gene. These results suggest that the effect of the HD transgene may be greater in rams than ewes for
the 6 month old animals. This sex-specific effect was further highlighted by the detection of
significantly higher DRD1 expression levels in the 5 year old OVT73 ram motor cortex relative to
WT ram samples by 18.8 %.
Sex-differences in HD patient pathology have not been thoroughly investigated, although rodent
models have shown some evidence. One study reports a 20-40 % reduction in striatal ascorbic acid
for male CAG140 knock-in mice only (Dorner et al., 2007), while a study of the CAG51 transgenic
HD rat describes motor impairment and loss of DARPP-32 that is specific to male HD rats at 14
months of age and correlates with lower plasma 17β-oestradiol levels (Bode et al., 2008). Female
sex-hormones have also been described as having neuroprotective effects (Członkowska et al., 2006).
It will be interesting to see if the preferential differences in OVT73 ram samples determined in this
study persist for larger sample numbers.
Like CNR1 and PENK, the significantly higher levels of DRD1, DRD2 and DARPP-32 in the 6
month old OVT73 ram anterior striatum are in contrast to the end-stage HD brain (Cha, 2007) and
may reflect compensatory transcription changes in the early disease. DRD1, DRD2 and DARPP-32
are all part of the dopamine signalling cascade; a major regulatory pathway in MSNs. Dopamine coordinately regulates MSN activity through the opposing actions of DRD1 (excitatory) and DRD2
(inhibitory) receptors (Surmeier, et al., 2007). DARPP-32 is the downstream effector of the
dopamine receptors. It indirectly regulates transcription by influencing the phosphorylation state of
transcription factors including cAMP-responsive element-binding protein (CREB) (Svenningsson et
al., 2004). CREB in turn regulates the transcription of genes with cAMP-responsive element (CRE)containing promoters, such as PENK. PENK is a marker of indirect pathway MSNs and is coexpressed with DRD2. When activated, DRD2 receptors are thought to inhibit transcription of PENK
(Angulo, 1992). Increased PENK gene expression levels identified in the OVT73 sheep could
therefore be due to reduced signalling through DRD2 receptors. Less activation of DRD2 receptors,
due for example to lower levels of circulating dopamine, could also result in compensatory upregulation of DRD2 transcription. Reduced circulating dopamine would also potentially affect DRD1
transcription on direct pathway MSNs in the same way.
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3.6.2. 6 month old anterior striatum subsample variability
The differential expression of CNR1, PENK and GABAARα1 overall (OVT73 vs. WT) and the ramspecific differential expression of all 7 HD marker genes were not replicated in a second set of
subsamples from the 6 month old anterior striatum (subsample set #2). The lack of concordance was
surprising given the close anatomical location of these subsamples to the originals (subsample set #1)
and could indicate regional specificity of transgene effects. Indeed, striatal degeneration in HD is
region specific, with cell loss known to occur along dorsal-ventral and caudal-rostral gradients
(Vonsattel & DiFiglia, 1998). Moreover, reductions in binding of PENK, DRD2, DRD1 and
GABAARα1 mRNA in the post-mortem HD striatum are all described as “patchy” and reminiscent
of striosome/matrix anatomy (Augood, et al., 1996; Glass, et al., 2000; Richfield, et al., 1995).
However, there are also regional differences in gene expression within the unaffected striatum due to
the distribution of cell types and striosome/matrix compartments (reviewed in Crittenden & Graybiel,
2011). Consequently, the exact sampling location could have affected gene expression levels
measured in the sheep. A limitation of the 6 month old cohort analysis was that the relative locations
of multiple subsamples dissected from each brain region were not recorded and therefore could not
be exactly matched between animals. The possibility of region-specific differential gene expression
in the OVT73 anterior striatum for this cohort is therefore difficult to interpret as the analysis may be
confounded by endogenous regional expression variation.

3.6.3. Methodology improvements and HD marker gene expression in
the 5 year old cohort
The issue of regional expression variation was subsequently addressed for analysis of the 5 year old
sheep cohort, where the exact anatomical location of subsamples was defined at the time of
collection and able to be matched between animals.
It was disappointing not to identify gene expression changes in the 5 year old anterior striatum
(subsample DL) to support results from the initial 6 month old analysis (subsample #1). There may
however be explanations for this. While both cohorts studied represent pre-manifest HD, 5 year old
sheep are mature animals while 6 month old sheep are still developing. Although the functions of
huntingtin are not well understood, it may change throughout life (reviewed in Cattaneo, et al.,
2005). It may be that changes seen in the younger cohort (subsample set #1) have been compensated
for in the mature cohort. Alternatively, the lack of differential expression could be explained by the
improved consistency of striatum subsample selection for the 5 year old cohort. Indeed, between
86

Chapter three

End-stage HD marker gene expression in the OVT73 sheep brain

sample gene expression variability was much lower in the 5 year old anterior striatum compared to
the corresponding 6 month old tissue for the same gene assays (refer to Table 3.3 and Table 3.6).
Improvements in real-time PCR experimental design for the 5 year old cohort are also likely to have
contributed to the lower expression variation observed. This included the assessment of reference
genes on the same plate as target genes and the use of a more rigorous reference gene selection
process. This reference selection process was implemented as a result of reviewing literature
reporting that some commonly used reference genes are in fact altered in disease states, including
HD models (Benn, et al., 2008; Coulson, et al., 2008). These publications suggest that a panel of
reference assays should be tested for different samples and tissues. Also for this reason, standard
curves for genes assessed in the 5 year old cohort were generated using tissue specific pools of the
OVT73 and WT samples. Supporting the approach, the candidate reference genes tested had different
amplification efficiencies in different tissue regions (refer to Table 3.2). In light of this observation,
it was a limitation of the 6 month old analysis that all standard curves were generated from occipital
pole. At the time however, tissue available from the 6 month old anterior striatum and frontal pole
was limited and needed to be preserved for other experiments.
Overall, any reductions in technical noise achieved through this methodology development for realtime PCR analysis will allow for more sensitive detection of gene expression changes in the OVT73
model. This can be exemplified through a power analysis. Based on the average standard deviation of
expression (all genes) between samples for the 5 year old cohort (WT= 23.6 %, OVT73= 19.2 %),
the experiment performed had 57 % power to detect a 25 % effect with 95 % confidence (OVT73 vs.
WT). Meanwhile, based on the higher average standard deviations for the 6 month old cohort (WT =
50.3 %, OVT73 = 39.7 %), this experiment had just 24 % power to detect the same effect (calculator
at https://www.dssresearch.com/KnowledgeCenter/toolkitcalculators.aspx).

3.6.4. Limitations of this study
Aside from technical and sampling variation, possibly the major limitation of this work is the small
sample size of the sheep cohorts. Although variability was reduced for the 5 year old studies
compared to 6 months, at 57 % power the experiments performed are likely to have missed at least
some real effects, particularly as all gene expression differences for this cohort (OVT73 vs. WT)
were < 25 % in magnitude (refer to Table 3.6). Using average standard deviations from the 5 year old
cohort experiments (WT = 23.6 %, OVT73 = 19.2 %), power analysis shows that we would need 11
samples per group to detect a 25 % difference in gene expression with 95 % confidence at an
acceptable level of 80 % power. The small sample size is an even greater issue for investigating sex87
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specific transgene effects, which were limited here to the comparison of groups of 2-4 animals. Due
to the time and resources required for the generation of large flocks and collecting brain tissue from
the sheep, substantial increases to sample sizes are not entirely practical. In future however the
collection of single-sex cohorts will be considered to increase comparative power. Finally, a
potentially major confounder in this study is that animals from the 5 year old cohort underwent MRI
analysis with anaesthesia (diazepam and ketamine) for ~2.5 hours, with no recovery before
euthanasia. Although unavoidable due to the requirement of MRI, it is possible that the anaesthesia
could have affected gene expression in these animals. This issue will be discussed in the final chapter
of this thesis (Chapter 8).

3.7. Summary & conclusions
The experiments described in this chapter were undertaken to detect differences in the expression of
a selection of end-stage HD marker genes, comparing RNA from OVT73 and WT sheep brain tissue.
The genes tested were BDNF, CNR1, DARPP-32, DRD1, DRD2, PENK, GABAARα1, GFAP and
H2AFY.
Differential expression of CNR1, PENK and GABAARα1 was initially observed in tissue from the
anterior striatum of 6 month old OVT73 animals compared to WT. These results did not replicate in
further subsamples from the 6 month old anterior striatum however. Methodological limitations may
explain some of the discrepancy. Interestingly, a preferential sex effect of the transgene was
highlighted for both the 6 month and 5 years old sheep cohorts. The relative expression levels of
CNR1, DARPP-32, DRD1, DRD2, PENK, GABAARα1 and GFAP were all significantly higher in
the OVT73 anterior striatum (subsample set #1) when only ram samples were compared and DRD1
was also significantly higher in the 5 year old OVT73 ram motor cortex.
The lack of transgene-associated differential expression overall for the end-stage HD marker genes
tested in the 5 year old brain tissues (anterior striatum, frontal pole and motor cortex) suggests that
they were perhaps not part of any pathogenic mechanism operating in these sheep. In retrospect
however, the underpowered experiments may also have failed to detect real changes.
Ultimately, larger sample numbers and additional time points will be required to establish the
contribution of end-stage HD marker genes to pathogenesis in the OVT73 sheep unequivocally.
While there were several confounding technical issues in the experiments described, the standardised
method developed for real-time PCR of sheep brain tissue using the 5 year old cohort should enable
sensitive detection of differential gene expression in OVT73 samples in the future.
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4. Chapter four
RNA-Seq analysis of OVT73 sheep
brain tissue
4.1. Overview
A primary aim of studying the OVT73 sheep line is to gain new knowledge about molecular changes
in the presymptomatic HD brain. HD patient MRI studies indicate that at the time of symptom onset
substantial neuronal death has already occurred (Harris et al., 1999; Paulsen et al., 2006).
Presymptomatic cellular and biochemical changes may therefore give clues about molecular
mechanisms in HD that cause degeneration and may be targets for prodromal therapies. Molecular
profiling technologies such as RNA-Seq and gas-chromatography mass spectrometry (see Chapters 5
and 6) provide tools to look for molecular changes in an unbiased manner.
The outcomes of an RNA-Seq experiment performed on motor cortex tissue from 2 WT and 2
OVT73 sheep aged 18 months are described in this chapter. RNA-Seq can be used to sequence and
quantify all the transcribed elements of the genome, generating a transcriptome. Motivation for
performing the RNA-Seq experiment was two-fold. Firstly, the sheep genome was incomplete and an
annotated transcriptome did not exist. RNA-Seq would therefore provide a substantial resource of
sheep sequence not available in the public domain, which would be useful for all RNA-based studies
of the OVT73 model. Secondly, quantification of the sheep transcriptome could provide insight into
molecular changes in the OVT73 sheep brain. Any robust changes could be biomarkers of early HD
and point towards molecular mechanisms of the disease.
Tissue from already sacrificed 18 month old animals was selected for analysis. These were the oldest
samples available at the time and thus considered most likely to show molecular changes. The
experiment performed was limited by tissue quality and financial resources. Initially the aim had
been to perform RNA-Seq on striatal tissue from each of 3 WT and 3 OVT73 animals, since the
striatum is the brain region most affected by degeneration in HD. However, difficulties with
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extraction of high quality striatal RNA from these animals meant that an alternative tissue source was
required. High quality RNA was ultimately obtained from the motor cortex of 2 WT and 2 OVT73
18 month old animals. The motor cortex is also known to degenerate in HD (Hodges, et al., 2006;
Thu, et al., 2010).
Limited financial resource meant that the 4 motor cortex samples had to be pooled as single WT and
single OVT73 libraries for RNA-Seq. The samples were not bar-coded, effectively reducing the
sample size of each group to 1 and thus limiting the scope for assessing differential expression.
Despite these compromises, it would still be possible to generate a significant resource of sheep brain
RNA sequence. It was also considered that robust differences in gene expression may still be
identifiable and could be validated by real-time PCR. To this end, this chapter describes outcomes of
the de novo assembly (assembly without a reference genome) of a sheep brain transcriptome and
attempts to identify differential gene expression in the 18 month old OVT73 motor cortex.
Lessons from this study were used in the design of a further RNA-Seq experiment recently
undertaken on striatal tissue from the 5 year old sheep cohort. Full analysis of this experiment is
ongoing and outside the remit of this thesis. A preliminary investigation has been undertaken
however, focused on the expression of candidate end-stage HD marker genes.
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4.2. General Aim
Perform RNA-Seq on brain tissue from 18 month old WT and OVT73 sheep, have these reads
assembled into a sheep brain transcriptome, then look for quantitative differences in gene expression
between WT and OVT73 libraries.

4.3. Specific aims
1. Perform RNA-Seq on RNA extracted from the motor cortex of 2 WT and 2 OVT73 sheep
aged 18 months (GeneWorks, Adelaide).
2. Use the RNA-Seq data to assemble an annotated de novo sheep brain transcriptome and
quantify the expression of transcripts (Peter Tsai, UoA Bioinformatics Institute).
3. Look for differential expression of annotated transcripts between WT and OVT73 libraries.
4. Undertake a preliminary analysis of end-stage HD marker gene expression in RNA-Seq data
from the 5 year old sheep cohort anterior striatum (Expression Analysis, Durham, USA; Peter
Tsai, UoA Bioinformatics Institute).

4.4. Methods
4.4.1. The 18 month old RNA-Seq study
4.4.1.1. Tissue samples assessed
Approximately 100 mg fresh frozen tissue was dissected from each of 2 WT and 2 OVT73 sheep.
The motor cortex was estimated to be the grey matter region surrounding the coronal sulcus (see
Figure 2.4 of General Methods; note that this work was done prior to delineation of the true motor
cortex region by S. Patassini as applied in Chapter 3).
Total RNA was extracted using the Qiagen Lipid RNeasy mini kit. Each ~100 mg sample was split
across 4 mini columns for extraction and eluants subsequently pooled. RNA integrity and quantity
was assessed using the Agilent 2100 Bioanalyser (RNA 6000 Pico total RNA kit) following the
manufacturer’s instructions, before shipment on dry ice to GeneWorks (Adelaide, Australia).
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4.4.1.2. RNA-Seq
At GeneWorks, RNA samples were pooled, poly (A) selected and used to generate random hexamer
primed WT and OVT73 cDNA libraries (refer to General Methods, section 2.2.11). RNA-Seq was
performed using the Illumina Genome Analyser II platform, with each cDNA library analysed in a
separate lane of a flow cell. Paired end reads of 65 bp each were generated, hereafter referred to as
‘read pairs’.
De novo transcriptome assembly and quantification
All bioinformatic analysis was carried out by Peter Tsai at the UoA Bioinformatics Institute. A de
novo sheep brain transcriptome was assembled for each cDNA library (WT and OVT73), using
ABySS software (Simpson et al, 2009). Assembled contigs that were ≥100 bp in length were
annotated by BLAST search against the bovine refseq_RNA NCBI database. For quantification, the
number of reads mapping to each annotated transcript was counted and normalised by the RPKM
method (Reads Per Kilobase of exon model per Million reads mapped) (Mortazavi et al., 2008).
Differential expression analysis and validation by real-time PCR
To examine for differential expression, the fold difference between OVT73 and WT RPKM values
was determined for each annotated transcript. Different filters were then used to identify transcripts
of interest with apparent differential expression (described in results section 4.5.1.1). Real-time PCR
was used to validate the differential expression of each transcript of interest. Primer sequences for
each transcripts assay are detailed in Table 2.5 (General Methods).
Real-time PCR was performed using the LightCycler® 480 system (Roche) as described in General
Methods section 2.2.10.3. RNA used was a sub-aliquot of the RNA samples sequenced. Synthesis of
cDNA was performed as described in General Methods section 2.2.9, with 0.8 µg DNase-treated
RNA per 20 µL reaction. Each cDNA sample was diluted 1:5 in PCR-grade water and assessed by
real-time PCR in triplicate wells. The 4 samples (2 WT, 2 OVT73) were assessed individually rather
than as pools as they had been for RNA-Seq. Assays for 3 reference genes; RPS18, EIF4A2 and
CANX, were also assessed on all cDNA samples and used for relative quantification of the
transcripts of interest. Reference gene assay primer sequences are provided in Table 2.5 (General
Methods). A standardised 5x cDNA dilution series was used to normalise the expression of each
target and reference gene assay (as per section 2.2.10.2 of General Methods). Student’s t-test was
used to test for statistically significant differences in relative expression between WT and OVT73.
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4.4.2. RNA-Seq analysis of the 5 year old anterior striatum
A preliminary analysis of RNA-Seq data generated from the 5 year old sheep cohort striatum is
described in section 4.5.2. Full bioinformatic analysis of this data by bioinformaticians at
AgResearch (NZ) is underway.
4.4.2.1. Tissue samples assessed
Fresh frozen anterior striatum subsample DM (see General Methods Figure 2.2) from each of 6 WT
and 6 OVT73 sheep were sent to the service provider; Expression Analysis (Durham, NC; USA).
RNA was extracted at Expression Analysis and random hexamer primed libraries prepared for each
sample using TruSeq Stranded Total RNA with Ribo-Zero Gold technology (Illumina). RNA-Seq
was performed using the Illumina HiSeq 2000 platform in 2-plex (two bar-coded libraries per lane of
a flow cell), generating stranded RNA-Seq read pairs (50 bp).
4.4.2.2. Candidate gene analysis of the 5 year old anterior striatum RNA-Seq data
A preliminary, candidate-gene analysis was performed by Peter Tsai (UoA Bioinformatics Institute).
Individual 50 bp reads from each sample were mapped against a limited gene model set comprised of
ovine refseq_RNA sequences for 7 HD marker genes: CNR1, DARPP-32, DRD1, DRD2,
GABAARα1, GFAP and PENK (previously analysed by real-time PCR in Chapter 3). NCBI
accession numbers for each gene are provided in Table 2.4 (General Methods). Differential
expression of genes between WT and OVT73 samples was analysed using edgeR software (Robinson
et al., 2010). Expression of the HD transgene (full sequence available in Jacobsen, 2008) was also
quantified relative to endogenous ovine huntingtin transcripts (NCBI accession NM_001142638).
Both sequences were trimmed to exclude the exon 1 CAG repeat and upstream sequence as RNASeq reads did not map well to these regions. Only reads mapping to a unique location were included
for quantification.
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4.5. Results
This chapter describes the outcomes of an RNA-Seq experiment performed on motor cortex tissue
from 2 WT and 2 OVT73 sheep aged 18 months, pooled as single WT and OVT73 libraries. The
objective was to facilitate the de novo assembly of a sheep brain transcriptome and use this to
identify differentially expressed transcripts between WT and OVT73 samples. Valuable lessons were
learnt from this study regarding requirements for quantitative RNA-Seq. The application of these
lessons is presented in section 4.5.2 of this chapter through a preliminary analysis of RNA-Seq data
recently obtained from the 5 year old sheep cohort.

4.5.1. De novo assembly of a sheep brain transcriptome
RNA-Seq on the 18 month old sheep motor cortex generated a total of 23,165,688 read pairs from
the WT library (i.e. ~46.3 million individual reads, 65 bp each) and 28,685,043 read pairs from the
OVT73 library (i.e. ~57.4 million individual reads, 65 bp each).
Transcriptome assembly was performed by Peter Tsai (UoA Bioinformatics Institute) using ABySS
software (Simpson et al., 2009). This involved the alignment of read pairs against one another.
Where the sequence of 2 or more read pairs overlapped, the extended sequence was called a contig.
Separate assemblies were performed for WT and OVT73 libraries, generating a total of 1,203,871
WT contigs and 1,529,635 OVT73 contigs (note that the separate assembly of libraries would not be
the approach used nowadays; see section 4.6.1 for discussion).
For mapping, only contigs that were ≥100 bp in length were considered to be accurate. Contigs <100
bp generally correspond to repetitive sequences and are difficult to map unambiguously (Simpson, et
al., 2009). Removal of those smaller than 100 bp reduced the number of contigs to ~10 % of the
original (120,605 WT and 161,666 OVT73).
The longest contig generated was 10,334 bp in length from the WT library (mapping to NCBI
accession XR_083899.1; a predicted bovine chromosome 12 open reading frame of 14,323 bp) and
10,475 bp from the OVT73 library (mapping to NCBI accession XM_002690967.1; a predicted
bovine RaB Connection related family member of 9652 bp). The frequency distribution graph in
Figure 4.1 shows that the majority of contigs were between 100-200 bp in length. The median contig
length (>100 bp contigs only) was 158 bp for WT and 156 bp for OVT73.
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Figure 4.1 Frequency distribution of contig lengths assembled from 18 month old sheep motor cortex
RNA-Seq data.
The frequency of all contigs lengths (≥100 bp) is shown for each library, divided into length ranges 100-200
bp, 201-500 bp, 501-1000 bp, 1001-10,5000 bp. WT (blue) and OVT73 (red) libraries had a similar frequency
distribution, ranging from 100 bp to ~10,500 bp in length, with the majority of contigs being <200 bp in length.

These contigs (≥100 bp) were annotated by BLAST search against the NCBI bovine (Bos taurus)
refseq_RNA database. Cows are closely related to sheep evolutionarily (both belonging to the
Bovidae family) and at the time of this experiment an annotated bovine genome was available, but
not a sheep genome. Using a mismatch allowance of 2 bp for every 32 bp of sequence, 54 % of WT
contigs and 48 % of OVT73 contigs mapped to the bovine genome (i.e. 5.4 % and 5.1 % of the
original total contig number). This corresponded to ~14,500 bovine refseq_RNA transcripts, with
13,832 annotated transcripts in common between WT and OVT73 sourced libraries. The median
length of contigs that mapped to bovine reference sequences was 195 bp for WT and 178 bp for
OVT73. This was higher than the median length of all contigs >100 bp (158 bp for WT and 156 bp
for OVT73).
To quantify transcript expression, all individual RNA-Seq reads from the original WT and OVT73
libraries were mapped to the annotated WT and OVT73 contigs. In total, 15,157,140 individual WT
reads (33 % of all WT reads) mapped to annotated WT contigs while 14,745,792 individual OVT73
reads (26 % of all OVT73 reads) mapped to annotated OVT73 contigs.
A summary of RNA-Seq reads generated, contigs assembled and annotated, and RNA-Seq reads
mapping to the annotated contigs is provided in Table 4.1. It is clear that a substantial amount of
sequence information was lost during these processes.
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Table 4.1 Summary of de novo assembly, annotation and quantification of 18 month old sheep motor
cortex RNA-Seq data.
Major steps of the de novo assembly, annotation and quantification of WT and OVT73 RNA-Seq data are
shown. Separate assemblies were generated for WT and OVT73 libraries. 1. Total number of individual reads
generated (65 bp) by RNA-Seq from the 18 month old motor cortex samples. 2. Total number of contigs
assembled from (1). 3. The percentage of contigs in (2) that were ≥100 bp in length (as used for annotation
and quantification). 4. The percentage of contigs in (2) which mapped by BLAST alignment to the Bos taurus
refseq database (only contigs ≥100 bp (3) were used in mapping). 5. The percentage of all individual RNASeq reads in (1) that mapped to annotated contigs.

Assembly parameter

WT

OVT73

1. Total RNA-Seq reads generated

46,331,367 57,370,086

2. Total contigs generated from all RNA-Seq reads

1,203,871

1,529,635

3. Contigs >100 bp in length ( % of total)

10 %

10.6 %

4. Contigs that mapped to bovine genome (% of total)

5.4 %

5.1 %

5. RNA-Seq reads mapping to annotated contigs (% of total individual reads)

33 %

26 %

4.5.1.1. Analysis for differentially expressed transcripts
Following transcriptome assembly and quantification, the data was examined for transcripts with
apparent differential expression between WT and OVT73 libraries. Transcript expression values
were quantified by the RPKM method (Mortazavi, et al., 2008). This method first normalises the
number of reads mapping per kilobase of a transcripts length, since more RNA-Seq reads would be
generated for longer transcripts. The method then normalises against the total number of reads
mapped for each library (i.e. 15,157,140 for WT and 14,745,792 for OVT73) to enable comparison
of expression between different samples to be made on the same scale. The equation is as follows:

RPKM

=

[# of reads mapped] / [length of transcript in kb] / [million reads mapped]

Since there were only two RNA-Seq libraries (each consisting of cDNA from two animals) the
analysis for differential transcript expression (OVT73 vs. WT) had to be simplistic. Rather than
performing a statistical test, the data was filtered in different ways to identify transcripts which
appeared to be differentially expressed.
The first filter examined transcripts with a large fold difference in RPKM between OVT73 and WT
libraries. Preference was given to transcripts whose biological function may be relevant to the
pathogenic mechanism of HD. This led to the identification of 4 transcripts of interest; ubiquitin
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specific peptidase 1 (USP1), hippocalcin like 4 (HPCAL4), prostaglandin D2 synthase 21 kDa
(PTGDS) and glial maturation factor β (GMFB) (see discussion for further details of gene functions).
RPKM values and the fold difference (OVT73 vs. WT) for each transcript are detailed in Table 4.2.

Table 4.2 Transcripts of interest from 18 month old sheep motor cortex RNA-Seq (filter 1).
Transcripts were selected based on a large RPKM fold difference between OVT73 and WT libraries and the
potential biological relevance of the transcript to HD. These were ubiquitin specific peptidase 1 (USP1), glial
maturation factor β (GMFB), hippocalcin like 4 (HPCAL4) and prostaglandin D2 synthase 21 kDa (PTGDS).
Expression values for each transcript (normalised by RPKM) are shown for OVT73 and WT libraries
individually and the derived fold difference between OVT73 and WT.

Transcript of interest
Filter 1
USP1
GMFB
HPCAL4
PTGDS

OVT73 vs. WT
(fold difference)

OVT73 RPKM

WT RPKM

+51.3
+11.3
-9.7
-7.0

15.9
92.8
14.9
3.0

0.31
8.2
144.1
21.1

Among these transcripts it was noted that the magnitude of RPKM values varied substantially;
ranging from 144.1 for HPCAL4 in the WT library to just 0.31 for USP1 (Table 4.2). Since the
values are normalised it is not possible to interpret them in terms of absolute expression. It is evident
from the RPKM equation however, that values will be higher for transcripts with greater coverage
(i.e. the number of reads per nucleotide). Coverage is important for accurate transcript quantification
and hence for differential expression analysis.
In an attempt to avoid transcripts with coverage that may be too low for accurate quantification, the
RNA-Seq data was subsequently filtered so that only transcripts with RPKMs in the highest two
quartiles of expression were considered (i.e. above the median RPKM value of 17, for both WT and
OVT73 libraries). This filter was biased towards identifying highly expressed genes. It would
however exclude transcripts with very low read counts due to low coverage by the de novo assembly.
The subset of data meeting this criterion was again examined for transcripts with a large RPKM fold
difference between OVT73 and WT libraries, with 4 further transcripts of interest identified. These
were voltage-gated type III sodium channel subunit β (SCN3B), phosphoglucomutase 2 (PGM2),
clathrin heavy chain (CLTC) and prostaglandin E synthase (PTGES3). RPKM values and the fold
difference (OVT73 vs. WT) for each of these transcripts are detailed in
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Table 4.3.

Table 4.3 Transcripts of interest from 18 month old sheep motor cortex RNA-Seq (filter 2).
Transcripts were selected based on a large RPKM fold difference between OVT73 and WT libraries, with both
WT and OVT73 RPKM values also required to be ≥17 (the median RPKM). These were phosphoglucomutase
2 (PGM2), prostaglandin E synthase (PTGES3), clathrin heavy chain (CLTC) and voltage-gated type III
sodium channel subunit β (SCN3B). Expression values for each transcript (normalised by RPKM) are shown
for OVT73 and WT libraries individually and the derived fold difference between OVT73 and WT.

Transcript of interest
Filter 2
PGM2
PTGES3
CLTC
SCN3B

OVT73 vs. WT
(fold difference)

OVT73 RPKM

WT RPKM

+4.5
+3.9
-4.0
-4.0

284.0
152.9
42.7
57.4

63.8
39.4
172.7
226.1

To validate findings, the expression of each transcript of interest (Table 4.2 and

Table 4.3) was assessed by real-time PCR using a single locus assay per transcript on each of the 4
motor cortex samples (2 WT and 2 OVT73). The fold difference (OVT73 vs. WT) in average relative
expression of each transcript by real-time PCR is detailed in Table 4.4, with comparison to the
already determined RPKM fold difference. Fold differences in the average relative expression of
each transcript (OVT73 vs. WT) were much lower by real-time PCR compared to the RNA-Seq
RPKM. The transcript PTGDS did appear to be differentially expressed, at levels 2.26 fold lower in
OVT73 samples than WT. No difference was statistically significant however (*P <0.05, Student’s ttest).
Overall, the lack of agreement between the fold differences in transcript expression determined by
RNA-Seq and ‘gold standard’ real-time PCR suggested that this RNA-Seq dataset may not be
reliable for quantitative analysis. At this point attempts to identify any further transcripts of interest
were discontinued.
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Table 4.4 Real-time PCR analysis of transcripts of interest from 18 month old motor cortex RNA-Seq.
The fold difference between OVT73 and WT average relative expression is shown for transcripts of interest
assessed by real-time PCR (*P <0.05, Student’s t-test). All target gene expression values were normalised to
the geometric average of the reference genes RPS18, EIF4A2 and CANX. The RPKM fold difference (OVT73
vs. WT) for each transcript as derived from the RNA-Seq data is shown for comparison.

Transcript
USP1
GMFB
HPCAL4
PTGDS
PGM2
PTGES3
CLTC
SCN3B

Real-time PCR
OVT73 vs. WT
P -value
(fold difference)
+1.05x
0.596
+1.26x
0.497
+1.17x
0.309
-2.26x
0.317
-1.16x
0.168
+1.14x
0.196
-1.04x
0.309
-1.03x
0.943

RNA-Seq
OVT73 vs. WT RPKM
(fold difference)
+51.3
+11.3
-9.7
-7.0
+4.5
+3.9
-4.0
-4.0
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4.5.1.2. Retrospective investigation of factors affecting the lack of expression validation
To understand why fold differences in transcript expression (OVT73 vs. WT) did not concur between
the RNA-Seq and real-time PCR data, a retrospective analysis was undertaken to investigate the
accuracy of quantification achieved by RNA-Seq. For each transcript of interest the actual length of
transcript (bovine refseq) to which contigs mapped was determined as well as the actual read count.
Using this information, values for two metrics were calculated. First, the percentage of each
transcripts length which contigs actually mapped to was determined using the equation:

Transcript percentage mapped

=

Length of transcript hit by contigs (bp) x 100%
Length of transcript (bp)

Un-normalised read counts were then used to determine the average coverage for the actual length of
the transcript hit by contigs (i.e. reads per nucleotide mapped) using the equation:

Transcript coverage

=

Number of reads mapped x length of reads (65bp)
Length of transcript hit by contigs (bp)

Values for these two metrics as determined for WT and OVT73 libraries are shown in Table 4.5. The
fold difference between OVT73 and WT expression determined using actual transcript coverage is
also shown as per the equation:

OVT73 vs. WT Transcript coverage =

(OVT73 Transcript coverage – WT Transcript coverage)
WT Transcript coverage

A comparison of transcript coverage (OVT73 vs. WT) to the originally determined RPKM fold
difference (OVT73 vs. WT) is also provided in Table 4.5.
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Table 4.5 Retrospective analysis of transcript coverage in the 18 month old motor cortex RNA-Seq data.
The transcript percentage mapped ([length of transcript hit by contigs x 100]/length of transcript) and transcript coverage ([# of reads mapped x length of
reads]/length of transcript hit by contigs) was determined for each transcript of interest. Variation in both metrics had consequences for the apparent differential
expression of transcripts (OVT73 vs. WT). This can be seen by comparing the original RPKM fold difference between OVT73 and WT (2nd left column) and
transcript coverage derived fold difference (2nd right column). The fold difference (OVT73 vs. WT) in relative expression of each transcript determined by real-time
PCR is also shown for comparison (far right column; reproduced from Table 4.4).

Transcript

USP1
GMFB
HPCAL4
PTGDS
PGM2
PTGES3
CLTC
SCN3B

OVT73 vs. WT
RPKM
fold difference
+51.3
+11.3
-9.7
-7.0
+4.5
+3.9
-4.0
-4.0

Transcript percentage
mapped (%)
OVT73
88
80
7
10
68
53
19
48

WT
5
62
52
14
82
83
77
28

Transcript coverage
(reads/nucleotide)
OVT73
17
110
210
29.0
401
275
215
115

WT
6.5
13
275
150
77
47
222
793

OVT73 vs. WT
Transcript coverage
fold difference

OVT73 vs. WT
Real-time PCR
fold difference

+2.6
+8.5
-1.3
-5.1
+5.2
+5.9
-1.03
-6.9

+1.05
+1.26
+1.17
-2.26
-1.16
+1.14
-1.04
-1.03
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As shown in Table 4.5, the transcript percentage mapped ranged widely amongst the transcripts of
interest. For several transcripts it also differed substantially between WT and OVT73 samples. For
example, the transcript percentage mapped for USP1 in the WT library was just 5 %, whilst for
OVT73 it was 88 %. Similarly, for HPCAL4 the WT transcript percentage mapped was 52 % and
OVT73 was 7 % (Table 4.5). When transcript percentage mapped was taken into account, the fold
difference in expression of both USP1 and HPCAL4 (i.e. OVT73 vs. WT transcript coverage) was
much smaller than the original RPKM fold difference (Table 4.5).
In contrast, for transcripts where both the WT and OVT73 transcript percentage mapped were
relatively high, the transcript coverage fold difference (OVT73 vs. WT) was similar to that derived
using RPKM values. For example, PGM2, had a relatively high transcript percentage mapped (82 %
for WT and 68 % for OVT73) and its transcript coverage fold difference (OVT73 vs. WT) was
similar to the RPKM fold difference, at 5.2x and 4.5x respectively (Table 4.5). This makes sense
given that the RPKM method assumes total coverage. However, even for these transcripts where
transcript percentage mapped was relatively high in both WT and OVT73 libraries (e.g. GMFB and
PGM2), real-time PCR showed that there was no difference in gene expression (1.26 fold for GMFB
and 1.16 fold for PGM2), suggesting that depth of coverage may also be an issue, at least for these
transcripts.

4.5.2. RNA-Seq analysis of 5 year old OVT73 sheep striatal tissue
Recently a large scale RNA-Seq experiment was performed on striatal tissue from the 5 year old
sheep cohort (6 WT, 6 OVT73). The overarching aim was to look for differential expression of
transcripts, comparing OVT73 and WT samples. An annotated sheep genome was still not available
however and the sheep transcriptome generated from the 18 month old RNA-Seq study was
considered insufficient for full and accurate analysis of further RNA-Seq datasets. Therefore a
second aim was to generate a more extensive sheep brain transcriptome from the 5 year old RNASeq reads with which to analyse this dataset.
The plan was to generate read pairs of 100 bp each, with at least 75 million reads per sample. Based
on recommendations by Expression Analysis, this combination of read length and number was
expected to provide sufficient coverage for de novo assembly of full length transcripts and their
accurate quantification.
In actuality, RNA-Seq on the 5 year old anterior striatum (subsample DM) produced ~85 million
read pairs (50bp) per sample, equating to ~510 million read pairs per WT and OVT73 group.
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Unfortunately, 50 bp reads were found to be too short for reliable de novo assembly. As a result, 100
bp reads are now to be generated in a new experiment on RNA from foetal/neonatal brain and liver
tissue and a transcriptome assembled from these instead. Full analysis of the 5 year old RNA-Seq
data has been postponed until the assembly is complete.
4.5.2.1. Preliminary analysis of the 5 year old anterior striatum RNA-Seq data
Within the scope of this thesis, it was still possible to use the 5 year old RNA-Seq dataset to
undertake candidate gene studies. To this end, the expression of 7 end-stage HD marker genes;
CNR1, DARPP-32, DRD1, DRD2, GABAARα1, GFAP and PENK, was examined. These genes
were previously assessed in the 5 year old anterior striatum (DL subsample) by real-time PCR (refer
to Chapter 3 section 3.5.4.2) and therefore a comparison could be made between the RNA-Seq and
existing data. Additionally, transcripts for both the HD transgene and endogenous ovine huntingtin
(NCBI accession NM_001142638) were quantified and expression of the transgene in the OVT73
samples estimated relative to endogenous huntingtin.
To quantify the expression of each transcript, individual 50 bp reads were mapped to the appropriate
ovine ref_seq RNA sequences/transgene sequence. The reads mapping to each gene were then tested
for differential expression (OVT73 vs. WT) using edgeR software. Only reads which mapped to a
unique location within a single transcript were included in the analysis. All bioinformatic analysis
was performed by Peter Tsai (UoA Bioinformatics Institute).
Table 4.6 details the fold difference (OVT73 vs. WT) in expression for each gene and statistical
significance as determined by edgeR. Supporting the real-time PCR data (Chapter 3), no significant
differences were seen between WT and OVT73 samples for any of the HD marker genes (*P <0.05),
with fold differences by both methods being small (Table 4.6).
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Table 4.6 Comparison of candidate gene expression in the 5 year old anterior striatum as assessed by
RNA-Seq and real-time PCR.
The average RPKM fold difference between OVT73 and WT sample is shown for 7 end-stage HD marker
genes (CNR1, DARPP-32, DRD1, DRD2, GABAARα1, GFAP and PENK), the HD transgene and ovine
huntingtin transcripts as measured in the 5 year old anterior striatum (DM portion) RNA-Seq data. Differential
expression was determined using edgeR software (p-values are false discovery rate adjusted, *P <0.05).
Values are compared to the fold difference in relative expression (OVT73: WT) and p-value determined
(Student’s t-test) when the same genes were assessed in the anterior striatum (DL portion) by real-time PCR
(data shown is modified from Table 3.6 in Chapter 3). NA = not assessed.

RNA-Seq
OVT73 vs. WT
P -value
Gene
(fold difference) (FDR adjusted)
CNR1
1.06
0.6179
DARPP-32
1.08
0.6064
DRD1
1.14
0.5016
DRD2
1.12
0.5172
GABAARα1
1.06
0.6179
GFAP
0.77
0.3894
PENK
1.15
0.5016
385.6
HD transgene
0.0000
0.94
Ovine huntingtin
0.6179

Real-time PCR
OVT73 vs. WT
P -value
(fold difference)
0.94
0.615
0.96
0.723
0.95
0.612
1.06
0.780
1.00
0.987
0.98
0.889
1.10
0.457
NA
NA
NA
NA

Expression of the HD transgene was many times higher (385.6 fold on average) in OVT73 samples
than WT (Table 4.6). As the transgene is only present in OVT73 sheep the expected difference
between OVT73 and WT was infinity. The read counts for WT samples and resulting fold difference
less than infinity must be due to anomalous mapping to the WT genome. In contrast, expression of
ovine huntingtin was almost identical between OVT73 and WT samples (Table 4.6). Comparison of
RPKM values for reads mapping to the transgene and ovine huntingtin puts expression of the
transgene at 27.1 % of total endogenous huntingtin on average in these OVT73 animals, or the
equivalent of 54 % of one allele.
Visual examination of the RNA-Seq data using the Integrated Genome Viewer (IGV) browser
showed that mapped reads spanned the entire length of each gene of interest and had considerable
coverage (reads per nucleotide). An example of this is shown for CNR1, where reads mapped across
the entire 5710 bp transcript for each of the 12 samples (Figure 4.2), with 204 reads per nucleotide
on average.

104

Chapter four

RNA-Seq analysis of OVT73 sheep brain tissue

Figure 4.2 5 year old anterior striatum RNA-Seq reads mapping to the CNR1 gene.
The distribution of all RNA-Seq reads mapping along the length of 5710 bp Ovis aries cannabinoid type 1
receptor (CNR1) sequence (NCBI accession number XM_004011281.1) is shown. Reads for each WT (WT16) and OVT73 sample (HD1-6) are on separate tracks. The red box highlights the region of the gene where
the real time PCR assay for CNR1 (as assessed in Chapter 3) was targeted.

Similar outputs were generated for the remaining 6 HD marker genes analysed as well as the
transgene and ovine huntingtin (data not shown). For these candidate genes it therefore appears that
full length transcripts were sequenced in the 5 year old sheep RNA-Seq experiment.
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4.6. Discussion
The presymptomatic period of HD represents a critical therapeutic window for preventing neuronal
death and disease progression. Therefore identifying and understanding the events that initiate
cellular dysfunction at this stage is important. As described in this chapter, RNA-Seq was used as an
unbiased method to analyse gene expression in brain tissue from the OVT73 sheep. The literature
indicates that altered gene expression occurs in the HD brain (reviewed in Cha, 2007), but
transcription changes that occur in early HD are poorly understood. Since the OVT73 sheep do not
have diagnostic neurological symptoms, it was thought that the detection of differential gene
expression in this model may be relevant to cell dysfunction in the earliest stages of HD.
An RNA-Seq experiment on motor cortex tissue from 2 WT and 2 OVT73 sheep aged 18 months
formed the core of this chapter. Outcomes from the experiment are summarised and discussed here
with reference to current literature. The chapter will conclude with a discussion of preliminary
findings from the recently generated 5 year old sheep cohort RNA-Seq data.

4.6.1. De novo assembly of a sheep brain transcriptome
The generation of ~23.2 million WT and ~28.7 million OVT73 read pairs (65 bp) was the first major
outcome of this study. This represented sheep brain RNA sequence not previously available in the
public domain and thus a useful resource at the time for all RNA-based studies of the OVT73 line.
To enable functional interpretation of the RNA-Seq data it was necessary to annotate the sequence
reads via assembly of a transcriptome. There are two main approaches to transcriptome assembly.
The first is to map RNA-Seq reads directly to a reference genome (of the same or closely related
species) and assemble overlapping reads into annotated contigs. This is commonly performed when a
reference genome is available for the species of interest (Martin & Wang, 2011). The second
approach is to perform a de novo assembly where RNA-Seq reads are overlapped to form contigs,
unaided by a reference genome. This approach is most often used when a reference genome is not
available for the species of interest as it can reduce loss of sequence reads through mapping to a
proxy reference genome (Martin & Wang, 2011). Since an annotated sheep genome was not
available at the time, the de novo assembly approach was used in this chapter, with resulting contigs
annotated by mapping to the Bos taurus refseq_RNA NCBI database. WT and OVT73 sheep brain
transcriptomes were generated, with 13,832 annotated transcripts in common used for analysis.
Assuming the bovine genome codes for a minimum of 22,000 genes (Elsik et al., 2009), the WT and
OVT73 transcriptomes generated represent ~63 % of all possible transcripts (not considering the
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contribution of splice variants). It was evident however that the assemblies may be incomplete as
only 10 % of all contigs generated were ≥100 bp in length, with the majority of these being 100-200
bp (refer to section 4.5.1). The short length of contigs would indicate either that there were many
short transcripts or that there were gaps and/or errors in the assemblies. Support for the latter was
provided in that only ~50 % of the contigs that were ≥100 bp were subsequently able to map to the
bovine genome.
In retrospect, a more comprehensive transcriptome comprising longer contigs may have resulted if
WT and OVT73 reads had been pooled and assembled as a single transcriptome rather than analysed
separately. Other laboratories have demonstrated this approach to be advantageous. For example,
Hornett and Wheat compared de novo assembly metrics before and after combining reads from 3
replicate human RNA-Seq datasets (all Illumina read pair (50 bp) datasets) (Hornett & Wheat, 2012),
finding that all assembly metrics were higher for the combined dataset than the individual datasets.
More contigs were generated (45,215 on average compared to 26,165), median contig length was
greater (394 bp compared to 371-375 bp) and the summed length of all contigs was almost double
that of the individual datasets (Hornett & Wheat, 2012). In the research presented here, WT and
OVT73 libraries were kept separate in order to stream-line the analysis. As Hornett and Wheat
(2012) showed however, this approach underutilises the dataset.

4.6.2. Differential expression analysis indicated the motor cortex
transcriptomes were not of quantitative value
At the time the 18 month old samples were the oldest available from the OVT73 line and therefore
quantitative analysis of the RNA-Seq data was considered worth attempting, despite quality of the de
novo transcriptome assemblies appearing to be less than optimal. It was reasoned that large, robust
OVT73 specific gene expression differences may still be detectable and that these could be validated
by real-time PCR analysis.
Filters used to detect differential expression were selective for transcripts with a large fold difference
between OVT73 and WT RPKM values. Preference was given to transcripts whose function may be
biologically relevant to the mechanism(s) of HD based on molecular changes already described for
the disease. In total, 8 transcripts of interest with apparent differential expression were identified;
USP1, GMFB, HPCAL4, PTGDS, PGM2, PTGES3, CLTC and SCN3B.
USP1 is a deubiquinating enzyme which was of interest because ubiquitin positive Htt aggregates are
found in the HD brain (DiFiglia, et al., 1997). GMFB is known to mediate inflammatory responses in
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the central nervous system (CNS) and increased levels of GMFB have been found in astrocytes
associated with plaques and tangles in post-mortem brain tissue from individuals with Alzheimer’s
disease (Thangavel et al., 2012). HPCAL4 is a neuronal calcium sensor protein which is highly
expressed in MSNs of the striatum. Reduced expression of HPCAL4 has been detected in the caudate
nucleus of post-mortem HD brain (Rudinskiy et al., 2009) and mouse models of HD (Desplats et al.,
2006; Luthi-Carter, et al., 2000). PTGDS is an enzyme which catalyses the production of
prostaglandin D2; a neuromodulator and CNS trophic factor (Shimizu et al., 1979). PTGDS has also
been shown to induce apoptosis (Ragolia et al., 2001)
PGM2 is an enzyme that converts glycogen to glucose-1-phosphate as part of glycogenolysis
(Maliekal et al., 2007). The end product of glycogenolysis (glucose-6-phosphate) provides an
immediate source of glucose when dietary supply is limited. PGM2 was of interest because glucose
utilisation is reduced in the HD brain (Antonini, et al., 1996; Grafton et al., 1992). PTGES3 was of
interest because of its involvement in transcriptional regulation. Acting as a molecular chaperone,
PTGES3 disrupts transcriptional activation mediated by steroid receptors (Freeman & Yamamoto,
2002). Molecular chaperones are also found within neuronal aggregates in several polyglutamine
disorders including HD (Landles & Bates, 2004). CLTC encodes clathrin heavy chain 1, which is
involved in receptor mediated endocytosis (Pley et al., 1993). Wild-type Htt is known to associate
with clathrin coated vesicles via its interaction with HIP1. Evidence suggests that mutant Htt does
not interact with HIP1 however and thus effects on clathrin may be altered (Kalchman, et al., 1997).
Finally, SCN3B is a regulatory component involved in the slow inactivation of voltage gated sodium
channels (Morgan et al., 2000) and is proposed to mediate p53-dependent apoptosis (Adachi et al.,
2004). With these functions in mind, these 8 transcripts were examined by real-time PCR in
remaining RNA from the 18 month old samples.
While there was a large difference in RPKM between OVT73 and WT libraries for each transcript of
interest, real-time PCR revealed much smaller fold differences in average relative gene expression
(Table 4.4). Overall, the real-time PCR data suggested that the transcripts assessed were not
differentially expressed in the 18 month old OVT73 motor cortex. An exception to this was the
expression of PTGDS which was 2.26 fold lower in the OVT73 samples than WT (refer to Table
4.4). This difference was not statistically significant, but the power of this test was limited by the
small sample size (n=2 per group). It would be of interest to investigate PTGDS expression in the 5
year old RNA-Seq dataset.
Retrospective investigation indicated that some RPKM fold differences (OVT73 vs. WT) may have
been artificially inflated due to differences between libraries in the actual proportion of each
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assembled transcript that reads mapped to (i.e. transcript percentage mapped; refer to Table 4.5).
This is because the RPKM equation assumes full coverage, or at least even distribution of reads
across a transcript (Mortazavi, et al., 2008). The possibility that large differences in transcript
percentage mapped for transcripts such as USP1, HPCAL4 and CLTC (refer to Table 4.5), could
have reflected the expression of alternative transcript variants between WT and OVT73 was not
evaluated. In retrospect however, the target location of real-time PCR assays used to assess the
expression of these transcripts, relative to regions where RNA-Seq reads mapped, was such that realtime PCR would have revealed such a phenomenon. Overall, the major problem affecting accurate
quantification by RNA-Seq and therefore differential expression analysis, at least for the transcripts
studied, appears to have been depth of coverage. In future, a practical step would be to visually
examine the coverage and distribution of reads mapping to transcripts of interest in a genome
browser to determine the reliability of quantification, before proceeding to validation studies.
While disappointing not to gain quantitative insight into differential gene expression in the OVT73
motor cortex, the annotation of sheep brain specific sequence for ~14,000 transcripts was a valuable
output from this study. Outside of this experiment, the RNA-Seq data has been used to design realtime PCR assays and to help confirm that the correct transgene transcript sequence is expressed in
the OVT73 line (data not included in this thesis). In the absence of a well annotated sheep genome,
the transcriptomes generated here remain a valuable resource for RNA based studies of the sheep
model.

4.6.3. What is required for quantitative de novo transcriptome
assembly?
A question arising from this study; is what amount of sequence is required for accurate quantification
of a transcriptome? Recommendations by the ENCODE consortium are that a minimum of 100-200
million read pairs of at least 76 bp each are needed for sensitive (i.e. quantitative) detection of
transcripts (The ENCODE Consortium, 2011). Several studies indicate that 10-30 million reads is
enough however (McIntyre et al., 2011; Wang et al., 2011), while others suggest up to 500 million
reads are necessary (Toung et al., 2011).
A recent study attempted to determine the required coverage empirically. Liu and colleagues (Liu et
al., 2013) undertook a comparative analysis of gene expression in subsets of reads (101 bp) generated
from human adipose tissue. Comparing a subset of 15 million reads (comparable to the read number
mapped in the 18 month old sheep RNA-Seq experiment) to the full dataset generated (500 million
reads), just 34 % of all genes mapped in the full dataset were also detected upon mapping the 15
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million read dataset. They then investigated the ability to detect differential gene expression between
adipose samples sequenced before and after treatment with an endotoxin. In this instance, just 6.7 %
of all differentially expressed genes identified within the full dataset were also detected in the smaller
dataset. These findings by Liu and colleagues support the conclusion that coverage of the sheep brain
transcriptomes assembled in this research was lower than optimal for transcript detection and
quantification. Indeed, Liu and colleagues reported that 100 million reads were necessary to detect
most transcripts (79 % of the 500 million read dataset) and 300 million reads were required to detect
the same percentage of differentially expressed genes (Liu, et al., 2013).
It should be noted that the publications described above involved mapping of RNA-Seq reads to the
annotated reference genome of the species of interest. Experiments involving de novo transcriptome
assembly (as was the case for the sheep) may require more reads for quantitative analysis however. It
is reported that full length transcripts can be assembled from <10x coverage when a reference
genome is available, but that for de novo assembly of yeast transcriptomes >30x coverage is required
(Martin & Wang, 2011). It is likely that more sequence again is necessary for de novo assembly of
higher eukaryote transcriptomes.

4.6.4. Candidate gene analysis of 5 year old RNA-Seq data indicates full
length transcripts and quantitative accuracy
The 18 month old sheep RNA-Seq study provided a valuable lesson regarding the ability to derive
quantitative gene expression data from RNA-Seq reads. This insight was considered at length in the
design of a further RNA-Seq experiment recently undertaken on anterior striatum tissue from the 5
year old sheep cohort. The objective of this experiment was to generate a sufficient number of
sequence reads to enable the de novo assembly of full length transcripts and their accurate
quantification. Approximately 85 million read pairs were generated per sample. With 6 WT and 6
OVT73 samples in total, this is equal to ~510 million read pairs per condition; exceeding current
recommendations for quantitative analysis by the ENCODE consortium (The ENCODE Consortium,
2011).
Functional interpretation of this experiment will be critically limited by the quality of the
transcriptome assembly. Clearly a more extensive transcriptome is needed than that produced from
the 18 month old sample study. The initial thought was that 100 bp read pairs generated from the 5
year old samples could be used to generate such a transcriptome. It was thus disappointing that the
length of reads ultimately produced was reduced to 50 bp at the request of funders. This length was
found to be too short for accurate assembly by current software. We are advised that the generation
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of ~1 billion read pairs (100 bp) from a pool of foetal and neonatal merino sheep brain and liver
RNA will enable de novo assembly of full length transcripts. The assembly of these reads is being
undertaken by experts at AgResearch (NZ), who have access to the most up to date ovine and bovine
genome information which can be incorporated into the assembly strategy.
Full quantitative analysis of the 5 year old anterior striatum RNA-Seq data has been postponed until
the new transcriptome is assembled. However, preliminary analysis presented in this chapter
suggests that quantification of the 5 year old RNA-Seq data is likely to be accurate. Estimates of the
fold difference (OVT73 vs. WT) in expression of 7 end-stage HD marker genes in the RNA-Seq data
concurred with data previously determined for the same markers in the 5 year old cohort using realtime PCR (presented in chapter 3), with no significant difference in the expression of any gene (refer
to Table 4.6). Additionally, the HD transgene was estimated to be expressed at 27.1 % of total
endogenous ovine huntingtin on average (or 54 % of one allele), which is within the range expected
for the OVT73 line (HDSCRG, 2013). Visual examination also showed that reads mapped across the
full length of each gene of interest. Together these observations provide an indication that objectives
for the 5 year old RNA-Seq study have been met, at least for these transcripts. It will be necessary to
confirm results following assembly of a full transcriptome.

4.7. Summary and conclusions
In the research presented in this chapter, RNA-Seq was tested as a method for analysing gene
expression in OVT73 line brain tissue. Since an annotated sheep genome did not exist at the time, the
primary objective was to generate a resource of annotated sheep brain sequence to aid ongoing study
of the OVT73 sheep model. The second objective was to look for differential expression of
transcripts between OVT73 and WT which could provide insight into molecular mechanisms in the
prodromal stage of HD which the sheep models.
The de novo assembly of WT and OVT73 transcriptomes consisting of ~14,000 annotated transcripts
was the major outcome of this study. These assemblies represent the first annotated sheep brain
transcriptome. Unfortunately, the apparent differential expression of 8 transcripts of interest in the
RNA-Seq data was not validated by real-time PCR. Retrospective analysis suggested that the
discordance may be due to limited and unequal coverage of these transcripts in the RNA-Seq data.
Limitations of this study were addressed in an RNA-Seq experiment performed on anterior striatum
tissue from the 5 year old sheep cohort. Preliminary analysis of candidate genes of interest in this
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dataset indicates the presence of full length and accurately quantified transcripts. Additionally,
quantitative comparison between WT and OVT73 samples for 7 end-stage HD marker genes concurs
with real-time PCR data generated previously (Chapter 3), while relative expression of the HD
transgene at 54 % of an endogenous huntingtin allele was within the range expected of this model
(HDSCRG, 2013). These results will be confirmed following full bioinformatic analysis of the
dataset.
We anticipate that the generation of ~1 billion paired end reads (100 bp) from foetal/neonatal sheep
brain and liver tissue will enable a new sheep brain transcriptome comprising full length transcripts
to be assembled. This will be important for functional interpretation of the 5 year old sheep RNASeq as well as any future RNA-Seq experiments. With quantitative data (i.e. the 5 year old RNA-Seq
experiment) and a full transcriptome reference, identification of OVT73 specific changes in gene
expression should be possible in an unbiased manner.
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5. Chapter five
Metabolite profiling of the OVT73
sheep
5.1. Overview
Several molecular mechanisms may contribute to degeneration of the brain in HD. In addition to
possible transcriptional changes as investigated in chapters 3 and 4, there is evidence that a cellular
energy deficit exists. A clinical feature of HD is unexplained weight loss from an early disease stage
(Aziz, et al., 2008; Djousse, et al., 2002; Mochel, et al., 2007). Molecular studies show reduced
consumption of glucose in the HD brain (Antonini, et al., 1996; Grafton, et al., 1992), inhibited
activity of components of the electron transport chain and citric acid cycle (Gu, et al., 1996) and
reduced levels of ATP relative to ADP in both brain and peripheral tissues (Seong, et al., 2005).
Further studies suggest there is a generalised catabolic phenotype in HD, with markers of fatty acid
breakdown increased in serum from HD patients (Underwood, et al., 2006) and altered amino acid
levels in plasma samples (Mochel, et al., 2011).
This phenotypic and molecular evidence suggests failure of metabolic processes to maintain cellular
energy homeostasis in HD. Interestingly, the Htt protein appears to have a direct role in regulating
metabolism, through a mechanism dependent on the length of its exon 1 CAG repeat. The ratio of
free ATP/ADP in cultured human lymphoblastoid cells has been shown to decrease with increasing
repeat length, across both disease and sub-disease repeat lengths (Seong, et al., 2005).
This chapter describes the investigation of metabolites in the OVT73 sheep using gas
chromatography-mass spectrometry (GC-MS). Metabolite changes in the symptom-free transgenic
sheep might give insight into the molecular mechanism of the cellular energy deficit in HD and
potentially provide biomarkers of the disease.
GC-MS can be used in an unbiased manner to detect and quantify small metabolites. It involves the
injection of a volatile biological sample into a chromatography column, where compounds are
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separated based on their differential volatility and solubility in the bonded liquid layer lining the
column. As compounds elute off the column they are hit by high energy electrons (70eV), breaking
them into many ionised fragments. A mass detector then measures the mass to charge ratio (m/z) of
each fragment and produces a series of individual mass spectra at recurring time points (5Hz) over
time for the sample; known as a chromatogram (Sparkman, 2011). For GC-MS, the mass spectrum
for a given metabolite is highly reproducible, meaning metabolites in different samples can be
identified and their relative abundance compared (Du & Zeisel, 2013; Smart, et al., 2010).
As this was the first time GC-MS had been used in our laboratory a basic objective was to test the
usefulness and reliability of the local service providers' method for quantitative analysis of sheep
tissues. In order to gauge the number and type of metabolites detectable by GC-MS a pilot study was
performed on a small number of plasma samples from 18 month old animals. Plasma was a key
tissue of interest since it can be readily obtained from live animals and plasma biomarkers of HD
would be extremely useful for real-time assessment of therapeutic trials.
The pilot study was followed by in depth analysis of 40 plasma samples from 3 year old sheep. This
work identified an issue with repeatability of GC-MS across batches of samples as well as
unexpected technical deficiencies in the automated GC-MS analysis pipeline used by the service
provider; the UoA Centre for Genomics, Proteomics and Metabolomics (CGPM). The process of
identifying and resolving these issues to enable accurate measurement of metabolites is a major focus
of this chapter.
With methodological improvements in place, GC-MS was also used to analyse solid tissues from the
6 month old sheep cohort including motor cortex, cerebellum and liver samples.
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5.2. General aim
Identify disease specific markers via metabolite analysis of peripheral and brain tissues from the
OVT73 sheep using gas chromatography-mass spectrometry (GC-MS).

5.3. Specific aims
1. Test GC-MS as a method for detecting and quantifying metabolites in plasma samples from 3
WT and 4 OVT73 sheep aged 18 months.
2. Perform GC-MS on a plasma sample set of 20 WT and 20 OVT73 sex-matched sheep aged 3
years.
3. Perform GC-MS on cerebellum, motor cortex and liver tissues from the 6 month old sheep
cohort (7 WT, 7 OVT73).
4. Assess and optimise the reproducibility of GC-MS concurrently with the aims above.
5. Identify metabolite differences between WT and OVT73 samples.

5.4. Methods
5.4.1. Sample collection
Plasma samples were obtained from 7 sheep aged 18 months (3 WT, 4 OVT73) and 40 sheep aged 3
years (20 WT, 20 OVT73 (see section 2.2.5 in General Methods for sample details). Blood was
collected from live animals and plasma derived at SARDI as described in General Methods section
2.2.7. Brain and liver tissues were obtained from 7 WT and 7 OVT73 samples aged 6 months (see
Table 2.2 in General Methods for sample details). Cerebellum subsamples were dissected from the
dorsal surface of fresh frozen block 1A and motor cortex subsamples from the dorsal-lateral surface
of block 6 (refer to section 2.2.6 in General Methods). Liver tissue was cut from subsamples of
caudal lobe dissected and fresh frozen at the time of harvest as described in General Methods section
2.2.7.
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5.4.2. Extraction of metabolites
5.4.2.1. Plasma samples
Two aliquots of plasma previously taken and stored at -80 °C (either 300 µL or 500 µL, as specified)
were prepared on ice for each sample, to be used as technical replicates. The internal standard d4alanine was added (20 µL at 10 mM) to each aliquot and frozen overnight at -80 °C. A hole of ~5
mm in diameter was then made in the lid of each frozen Eppendorf tube to allow the aqueous phase
to evaporate during overnight freeze-drying. Methanol extraction was subsequently performed as
described in General Methods section 2.2.12.1 to obtain the metabolite fraction.
5.4.2.2. Brain and liver samples
Approximately 300 mg of each frozen sample (cerebellum, motor cortex or liver) was crushed into a
fine powder under liquid nitrogen using a mortar and pestle, and methanol extraction performed as
detailed in General Methods section 2.2.12.1. Following extraction, each sample was split into
duplicate aliquots for technical replication of subsequent steps.

5.4.3. Derivatisation and GC-MS
Methyl chloroformate (MCF) derivatisation and GC-MS were performed on all samples (metabolite
fractions in duplicate) by staff in the CGPM (see General Methods, section 2.2.12.2 for details).
Derivatisation converts non-volatile compounds into a volatile phase for GC-MS analysis. GC-MS
was performed on an Agilent 7890A gas chromatograph coupled to a 5975C mass spectrometer. A
maximum of 20 samples were analysed in a single GC-MS run.
GC-MS data was analysed by CGPM staff to identify and quantify spectral peaks, using an
automated pipeline. The pipeline uses AMDIS software to identify metabolites based on the
alignment of raw GC-MS chromatograms to an in-house reference metabolite library. While
hundreds of spectral peaks representing metabolites can be detected by GC-MS, the in-house
metabolite reference library only contains mass spectra for 165 ‘known’ metabolites (listed in
Appendix II, section 1). To allow for functional interpretation of the GC-MS data all analyses
presented in this chapter have been restricted to peaks of ‘known’ identity. It may be possible to
determine the identity of other ‘anonymous’ peaks with further MS work, but this was beyond the
scope of this research.
Following identification, the pipeline quantifies the abundance of each metabolite by determining the
height of the peak for its designated major mass fragment ion (mass: charge ratio; m/z). This is
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usually the most abundant mass fragment for a given metabolite. Raw metabolite abundances were
subsequently normalised to the abundance of d4-alanine (internal standard). For solid tissue samples
(cerebellum, motor cortex and liver), this value was also normalised to sample biomass (the weight
of the desiccated tissue pellet remaining after metabolite extraction), to account for differences in the
amount (mg) of each sample assessed. Biomass normalisation was not required for plasma since a
standard volume was used for each sample.

5.4.4. Manual integration of GC-MS data
During this project concerns were raised over the accuracy of the automated analysis pipeline.
Therefore, manual integration was performed concurrently to the automated pipeline to identify and
quantify compounds in the GC-MS datasets. Raw chromatograms were first aligned against the
CGPM reference metabolite library using AMDIS software as per the automated analysis pipeline.
Each call was checked by visual comparison of the identified peak’s mass spectrum to the reference
library spectrum for that metabolite to ensure the peak had been correctly named. When a peak was
incorrectly identified, the metabolite reference library and retention time of the peak was used to
search for its correct identity. Once correct identities were confirmed, raw chromatograms were
imported into Chemstation for quantification. For each metabolite the height of its major mass
fragment (as defined in the metabolite reference library) was recorded as its raw abundance and
subsequently normalised to the abundance of the d4-alanine internal standard (also manually
determined). Brain and liver tissues were further normalised by sample biomass.

5.4.5. Statistical analysis
Student’s t-test was used to look for differences in relative metabolite abundance between duplicate
sample sets (examining replication) and between duplicate averaged WT and OVT73 samples
(examining disease specific differences).
Pair-wise correlations (Pearson product-moment) were generated between the relative abundance of
metabolite pairs using JMP software. Abundance values were log10 transformed to approximate a
normal distribution and duplicates averaged prior to the analysis. The statistical significance of
differences in correlation coefficients (r) between WT and OVT73 groups was determined by Fisher
r-to-z transformation (http://www.vassarstats.net/rdiff.html).
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5.5. Results
The data in this chapter was collected from 3 GC-MS experiments:
1. A pilot study of plasma samples from18 month old sheep
2. Plasma samples from a large group of 3 year old sheep
3. Brain and liver samples from the 6 month old sheep cohort

The results presented describe the development of methodology for assessing these samples and
investigation for differences in metabolite abundance comparing WT and OVT73.

5.5.1. A pilot study of GC-MS on 18 month old sheep plasma
To test whether GC-MS would be an informative and reliable method for quantitative analysis of
metabolites in the sheep brain a pilot study was undertaken on 3 WT and 4 OVT73 plasma samples
from 18 month old sheep. Duplicate sample sets were prepared simultaneously (metabolite extraction
and derivatisation steps) and all 14 samples were assessed within a single GC-MS run. Analysis of
the chromatogram produced for each sample was performed by CGPM staff using an analysis
pipeline developed in-house which automatically identifies and quantifies metabolites (refer to
methods section 5.4.3).
Quantitative data was generated for a total of 32 known metabolites. This included amino acids and
their derivatives, fatty acids and several intermediates of the citric acid cycle (see Appendix II,
section 2 for full list).
To assess replication, the data was tested for differences in the average relative abundance of each
metabolite between duplicate sample sets. There were no significant differences for any metabolite
(*p<0.05, Student’s t-test) and this was taken as evidence that the method was reproducible.
Duplicate measurements for each sample were subsequently averaged and the data examined for
differential metabolite abundance between WT and OVT73 groups. The amino acid proline was
24.1% more abundant on average in OVT73 samples compared to WT (P = 0.021, two-way
Student’s t-test; Figure 5.1). The effect did not remain significant after correction for multiple testing
(Bonferroni adjusted *P <0.0016).
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Figure 5.1 Relative abundance of proline in 18 month OVT73 plasma samples compared to WT.
Box plots show that on average, proline abundance (relative to d4-alanine) was 24.1 % higher in 4 OVT73
samples compared to 3 WT samples (P = 0.021; two-way Student’s t-test). Duplicate measurements are
shown for each sample (a different colour for each sample). Rams = triangles, ewes = circles. The mean
relative abundance of proline in WT and OVT73 groups is indicated by the white line through each box plot.
Lines extending from each box indicate variability outside the upper and lower quartiles.

5.5.2. GC-MS analysis of 3 year old sheep plasma
Following the pilot study, GC-MS was performed on plasma samples from 20 WT and 20 OVT73
age- and sex-matched sheep from the same pedigree.
Modification to the GC-MS protocol was necessary to accommodate the larger sample number.
Samples were divided into two groups of 20 (‘set 1-20’ and ‘set 21-40’), with 5 rams and 5 ewes of
WT and OVT73 in each. The plasma volume in each extraction was increased from 300 µL to 500
µL in order to increase the metabolite abundance and therefore increase detection.
Each sample was analysed in duplicate (‘Set A1-20’ and ‘Set B1-20’; ‘Set A21-40’ and ‘Set B2140’), so the experiment consisted of 80 samples total. GC-MS analysis was performed over 4
consecutive runs in the order: A1-20, A21-40, B1-20 and B21-40.
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5.5.2.1. Replication of the 3 year old plasma GC-MS data
The resulting GC-MS data was analysed using the in-house automated analysis pipeline. In each of
the 4 runs, between 40 and 43 metabolites were detected, with 38 in common (see Appendix II,
section 3 for complete list).
Differential metabolite abundance between duplicate sample sets
The replication of abundance measurements was tested by comparing the relative abundance of each
metabolite between duplicate sample sets (A1-20 vs. B1-20 and A21-40 vs. B21-40). This was the
first experiment where ‘across-run’ comparisons were made.
As detailed in Table 5.1, the relative abundance of 9 metabolites differed significantly between
duplicate sample sets A1-20 and B1-20, while 7 metabolites differed between A21-40 and B21-40 (P
<0.05, two-way Student’s t-test). Differences in the levels of 2 metabolites (linoleic acid in sample
set 1-20 and dodecanoic acid in sample set 21-40) remained significant after correction for multiple
testing (Bonferroni corrected *P <0.001), indicating that there were problems with the assay
methodology. This contrasted with the 18 month old pilot study where there were no significant
differences between duplicates.
The majority of metabolites that were differentially abundant between duplicates for sample set 1-20
were different to those for sample set 21-40 (with the exception of dodecanoic acid) (Table 5.1). This
suggested that poor replication was probably not due to any particular group of ‘unreliable’
metabolites that always extracted badly or were poorly resolved by GC-MS.
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Table 5.1 Differential metabolite abundance between duplicate 3 year old plasma GC-MS sample sets.
The average percentage difference in relative abundance is shown for metabolites which were differentially
abundant between duplicate sample sets of 3 year old plasma; sample set A1-20 vs. B1-20 (sample set 1-20)
and sample set A21-40 vs. B21-40 (sample set 21-40). Differential abundance was determined by two-way
student’s t-test (p<0.05). *P <0.0013 = Bonferroni-corrected significance level.

Metabolite
Sample set 1-20
Linoleic acid
Cysteine
Dodecanoic acid
Succinic acid
Quinic acid
Proline
2-hydoxybutyric acid
Docosahexanoic acid
Alanine
Sample set 21-40
Dodecanoic acid
N-2-acetyl-L-lysine
Pyroglutamic acid
Glycine
trans-vaccenic acid
Valine
Isoleucine

Duplicate set A vs. B
(Average % difference)

P -value

32.2
26.1
24.3
19.9
17.5
11.9
22.2
38.6
90.5

0.0004*
0.0021
0.0031
0.0056
0.0075
0.0079
0.0087
0.0106
0.0107

26.7
35.5
22.7
25.2
148.0
13.4
13.6

0.0005*
0.0041
0.0050
0.0135
0.0153
0.0369
0.0399

Problem solving: Variation between individual duplicate measurements
To determine what was causing the poor replication of metabolite quantification between sample
sets, the percentage difference between duplicate abundance measurements was examined for each
metabolite within each individual sample. These were defined as ‘individual duplicates’. Across all
1520 ‘individual duplicates’ (38 metabolites x 40 samples = 1520), the average difference in
metabolite abundance between set A and B was 57.6 %. Given the OVT73 line is a subtle model of
HD with no diagnostic neurological symptoms, it was considered that this level of variation between
duplicates may preclude the detection of OVT73 specific differences.
Each ‘individual duplicate’ was categorised using an arbitrary, coarse threshold of 33.3 % difference,
as ‘well’ (<33.3 %) or ‘poorly’ (>33.3 %) replicated. Setting this threshold, 371 of the 1520
‘individual duplicates’ (24.4 % of the dataset), were deemed to be poorly replicated. Three
metabolites (alanine, citric acid, and trans-Vaccenic acid) and two plasma samples (samples 2 and
121

Chapter five

Metabolite profiling of the OVT73 sheep

15) were overrepresented in this statistic; each with more than half of all measurements being poorly
replicated. Together they constituted ~40 % of all poorly replicated measurements for the GC-MS
dataset (146 out of 371). The remaining ~60 % of poorly replicated measurements were distributed
with no consistent pattern across samples or metabolites.
This result was concerning. The possibility that alanine may be unstable upon preparation/analysis
was particularly worrying given that isotope labelled alanine (d4-alanine) was used as an internal
standard for abundance normalisation. One possible explanation was that the CGPM’s automated
analysis pipeline for metabolite identification and quantification from GC-MS peaks may not be
functioning correctly.

5.5.3. Manual integration and interrogation of the automated pipeline
To investigate reasons for the poor replication of abundance measurements, manual integration was
performed on raw sample chromatograms. This involved manual identification of the appropriate
peak for each metabolite, guided by mass spectra defined in the metabolite reference library. The raw
(un-normalised) abundance of a metabolite was then derived for each sample by manually measuring
the maximum height of its major mass fragment as defined in the metabolite reference library (refer
to methods section 5.4.4.
5.5.3.1. Comparison of automated and manual integration data for the poorly replicated
metabolites
Manually derived raw abundances for each metabolite were compared to un-normalised (raw)
abundances generated by the automated analysis pipeline. Quantification by the automated pipeline
was considered to be ‘poor’ when raw abundance values differed to the manually integrated data by
an arbitrary set value of >10 %. The 3 metabolites shown to be poorly replicated previously (alanine,
citric acid and trans-vaccenic acid) were all found to be poorly quantified by the automated pipeline.
Quantification of alanine was poor for 52 of the 80 samples analysed (>10 % difference in raw
abundance between manual and automatically determined values). As shown in panels A and B of
Figure 5.2, examination of sample chromatograms showed that the peak representing alanine had
been correctly identified by the automated pipeline, indicating that this was not the source of the
discrepancy. As the peak for alanine elutes closely following d4-alanine internal standard (Figure 5.2
panel A) another possible explanation for its mis-quantification may have been co-elution. However,
the peaks for alanine and d4-alanine were able to be delineated and there did not appear to be any
major contamination of the spectrum for either metabolite (Figure 5.2, panels B and C). Indeed,
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manual integration of d4-alanine showed that it had been correctly identified and quantified by the
automated pipeline, with an average difference of just 1.4 % between manual and automated pipeline
abundance values (maximum difference = 6.3 %). This accuracy was reassuring given that
normalisation is critical for statistical analysis of GC-MS data.

Figure 5.2 Identification of alanine by GC-MS in 3 year old plasma.
A reconstructed ion chromatogram for sample A23 is shown. A) Peaks for major mass fragments of alanine
(m/z 102, 59 and 42) and d4-alanine internal standard (m/z 106). B) The full mass spectrum for the peak
labelled alanine in panel A is shown compared to its reference library mass spectrum (grey box). C) The full
mass spectrum for the peak labelled d4-alanine in panel A is shown compared to its reference library mass
spectrum (grey box). No significant contamination of the mass spectrum for either peak was evident.

Subsequent examination of the R-script underpinning the automated analysis pipeline (performed by
Dr Yuri Zubenko at the CGPM) revealed that the inaccuracy in quantification of alanine was caused
by a discrepancy between the retention time index scanned by the automated pipeline (retention time
refers to the time after sample injection that a compound elutes off the GC column) and the actual
retention time where the peak for alanine was maximal.
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Investigation of another of the poorly replicated metabolites, citric acid, showed that 48 out of 80
samples were poorly quantified by the automated pipeline (>10 % difference in raw abundance
between manual and automatically determined values). As with alanine, the correct peak had been
identified for citric acid and the error in quantification was found to be caused by a discrepancy in
the retention time index scanned (data not shown).
A different problem was identified for trans-vaccenic acid. Despite being quantified by the
automated pipeline, manual integration was unable to detect the spectral peak for trans-vaccenic acid
in most of the sample chromatograms. Trans-vaccenic acid was therefore removed from the dataset.
5.5.3.2. Comparison of automated and manual data for the rest of the 3 year old data
Erroneous quantification by the automated analysis pipeline was also identified for a number of other
metabolites in this dataset. For example, the amino acid leucine was poorly quantified in 65 out of 80
samples, as was isoleucine in 39 samples (>10 % difference between automated and manually
determined abundance values). Leucine and isoleucine are isomers of each other so have very similar
mass spectra and retention times. Isoleucine however can be distinguished by its more abundant mass
fragment m/z 115 (see Panel A, Figure 5.3).
When peaks named as leucine and isoleucine by the automated pipeline were compared to their mass
spectra defined in the metabolite reference library (Figure 5.3, panels B and C), it was realised that
they had been mi-identified. The peak labelled correctly as leucine in panel A of Figure 5.3 had been
identified as isoleucine and vice versa for the peak correctly labelled as isoleucine. The discrepancy
was again found to be due to an error in the retention time index scanned by the automated pipeline.
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Figure 5.3 Identification of leucine and isoleucine by GC-MS in 3 year old plasma.
A reconstructed ion chromatogram for sample B3 is shown. A) Peaks for major mass fragments of leucine and
isoleucine (m/z 144, 88, 115 and 102). The automated analysis pipeline had incorrectly identified the left peak
as isoleucine and the right peak as leucine. B) The full mass spectrum for the peak correctly labelled leucine
in panel A is shown compared to its reference library mass spectrum (grey box). C) The full mass spectrum for
the peak correctly labelled isoleucine in panel A is shown compared to its reference library mass spectrum
(grey box). m/z 115 is indicated by a red arrow.

Further investigation highlighted more deficiencies in the pipeline. Some metabolites which were
initially removed because many samples were quantified as ‘undetectable’ were actually able to be
readily quantified in all samples when assessed by manual integration. An example of this was
aspartic acid, where 8 samples had been deemed ‘undetectable’. Manual integration revealed
multiple possible reasons for the discrepancy, including that the mass spectrum of aspartic acid was
heavily contaminated by the co-eluting and more abundant metabolite citric acid (Figure 5.4). Also,
manual integration revealed a peak of an unknown compound eluting immediately prior to aspartic
acid containing the same mass fragment, m/z 160 (black curve in Figure 5.4 panel A). Since m/z 160
is the major mass fragment for aspartic acid (and thus used for its quantification), contamination by
the unknown compound may also have contributed to the poor quantification of aspartic acid by the
automated pipeline.
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Figure 5.4 Identification of aspartic acid and citric acid by GC-MS in 3 year old plasma.
A reconstructed ion chromatogram for sample A21 is shown. A) Peaks for major mass fragments of aspartic
acid (m/z 160, 128 and 118) and citric acid (m/z 143, 101 and 59). An unknown peak with m/z 160 also eluted
immediately prior to aspartic acid B) The full mass spectrum detected for the peak labelled aspartic acid in
panel A. Blue arrows indicate major mass fragments of aspartic acid. Red arrows indicate contamination by
mass fragments from citric acid. C) Reference library mass spectra for aspartic acid and citric acid.

With these detection errors identified in the automated GC-MS analysis pipeline, analysis of the 3
year old plasma data was repeated using the manually integrated dataset.
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5.5.4. Analysis of 3 year old plasma manually integrated GC-MS data
The manually integrated 3 year old plasma dataset consisted of 46 named and quantified metabolites
in common across all 4 sample sets (the 40 primary samples and 40 duplicates). Trans-vaccenic acid
was removed from the initial data and 9 compounds from the metabolite reference library added
including 2-aminoadipic acid, arachidonic acid, aspartic acid, benzoic acid, cysteine, decanoic acid,
hippuric acid, pyroglutamic acid and tryptophan (refer to Appendix II, section 3 for full list).
5.5.4.1. Replication of duplicate measurements in the manual data
Replication of the manually derived measurements was examined by calculating the percentage
difference in relative abundance between duplicate sample sets A and B for each ‘individual
duplicate’ (refer to section 5.5.2.1 for definition). Across all 1840 ‘individual duplicates’ (46
metabolites x 40 samples = 1840) the average difference in metabolite abundance (set A vs. B) was
21.3 %; a substantial improvement from 57.6 % in the original data (refer to section 5.5.2.1).
The manual data was further examined for specific metabolites/samples where replication may have
been particularly poor on the whole. Setting a coarse threshold of 33.3 % difference (set A vs. B),
330 of the 1840 ‘individual duplicates’ (17.9 % of the dataset) were classified as ‘poorly’ replicated
(>33.3 % difference). While this was an improvement compared to the automated pipeline (24.4 %),
it was still disappointing that almost one fifth of the data replicated poorly.
The performance of samples 2 and 15 was particularly bad, with the abundance of 43 and 20
metabolites respectively (out of 46 metabolites total) being poorly replicated. These two samples had
also been poorly replicated using the flawed automated pipeline (refer to section 5.5.2.1), thus
manual integration did not resolve the issue for them.
Replication of measurements for citric acid and alanine were substantially improved using the
manually integrated data, with the difference in metabolite abundance between set A and B across all
‘individual duplicates’ being 12.6 % and 14.3 % on average, respectively (compared to 538.1 % and
145.6 % by the automated pipeline).
Table 5.2 summarises and compares the replication (A vs. B) of metabolite abundance measurements
for ‘individual duplicates’ as analysed by the automated pipeline and manually integrated data, with
emphasis on metabolites/samples initially identified as poorly replicated by the automated pipeline.
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Table 5.2 Replication of metabolite quantification compared between GC-MS analysis methods.
The average difference in metabolite abundance between ‘A’ and ‘B’ GC-MS sample sets for ‘individual
duplicates’ and the percentage of ‘individual duplicates’ that were poorly replicated (>33.3 % difference, set A
vs. B) are shown for the 3 year old plasma GC-MS experiment. Comparison is made between data generated
by the CGPM’s automated pipeline and manual integration. Values are shown for the total dataset as well as
for alanine, citric acid, trans-vaccenic acid, sample 2 and sample 15 individually. NA = not assessed.

Automated pipeline Manual integration
Average difference (A vs. B) for ‘individual duplicates’ (%)
Total dataset
57.6
21.3
Alanine
538.1
12.6
Citric acid
145.6
14.3
trans-vaccenic acid
737.6
NA
Sample 2
153.8
83.0
Sample 15
49.2
37.5
‘Individual duplicates’ that were poorly replicated (%)
Total dataset
24.4
17.9
Alanine
80
5
Citric acid
50
10
trans-vaccenic acid
80
NA
Sample 2
87.2
93.5
Sample 15
51.3
43.5

While manual integration resolved replication issues for citric acid and alanine, it also revealed two
additional metabolites that were poorly replicated on the whole. Specifically, the difference between
set A and B abundance measurements for each of the metabolites docosahexanoic acid and N-2acetyl-L-lysine, was >33.3 % for 20 out of the 40 samples.
Together, the number of poorly replicated measurements for docosahexanoic acid, N-2-acetyl-Llysine and samples 2 and 15, accounted for 31 % of all poorly replicated measurements in the
manually derived GC-MS dataset. The remaining 69 % revealed no consistent pattern amongst
samples or metabolites.

128

Chapter five

Metabolite profiling of the OVT73 sheep

5.5.4.2. Differential metabolite abundance (OVT73 vs. WT) in the 3 year old plasma
Altogether, while 17.9 % of ‘individual duplicates’ were considered ‘poorly’ replicated, the
remaining 82.1 % were ‘well’ replicated and therefore assessed for differential metabolite abundance
(OVT73 vs. WT). Averaging duplicate measurements and combining all sample sets (1-40) revealed
no significant differences in relative metabolite abundance between WT and OVT73 samples (*P
<0.05, two-way Student’s t-test). This remained true after removing poorly replicated samples 2 and
15.
Since samples 1-20 and 21-40 had been analysed in different GC-MS runs, they were also assessed
separately for difference abundance (OVT73 vs. WT). In sample set 21-40 (duplicates averaged),
glutamic acid was found to be 29.9 % more abundant on average in OVT73 samples compared to
WT (Table 5.3). Initially no significant differences were identified for sample set 1-20 (duplicates
averaged). When poorly replicated samples 2 and 15 were removed however, heptadecanoic acid was
28.3 % more abundant on average in OVT73 samples than WT (Table 5.3). Neither result remained
significant after Bonferroni correction (*P <0.001).
As earlier analysis had revealed significant differences in metabolite abundance between duplicate
sample sets (refer to Table 5.1), each of the 4 sample sets was also assessed individually. Seven
metabolites were differentially abundant (OVT73 vs. WT) in set A1-20, while set B1-20 showed no
significant differences (Table 5.3). Removal of samples 2 and 15 did not affect these results. In
sample set A21-40, glutamic acid was more 39.9 % abundant on average in OVT73 samples than
WT, while in set B21-40 2-oxoglutaric acid was 19.2 % more abundant in OVT73 samples (Table
5.3). Again, no difference was significant after correction for multiple testing (*P <0.001).
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Table 5.3 Differentially abundant metabolites in 3 year old plasma.
40 plasma samples were assessed in duplicate by GC-MS as 4 sample sets: A1-20, its replicate B1-20, A2140 and its replicate B21-40. Each sample set was assessed separately (A1-20, B1-20, A21-40, B21-40), after
averaging duplicates (A1-20Avg and A21-40Avg) and after combining duplicate averaged sample sets (140Avg). The percentage difference in average relative abundance and p-value is shown for metabolites which
were differentially abundant for each sample set (p<0.05, two-way Student’s t-test). No difference was
significant at a Bonferroni corrected significance level (*P <0.001).

Sample set
1-40Avg
1-20Avg
A21-40Avg
A1-20

B1-20
A21-40
B21-40

Metabolite
OVT73 vs. WT P -value
Heptadecanoic acid
+28.3 %
0.037
Glutamic acid
+29.9 %
0.049
Linoleic acid
+28.4 %
0.016
Heptadecanoic acid
+55.3 %
0.019
Octadecanoic acid
+41.4 %
0.025
Oleic acid
+38.1 %
0.027
gamma-linolenic acid
+37.2 %
0.034
trans-9-heptadecanoic acid
+40.0 %
0.039
Pentadecanoic acid
+32.3 %
0.047
Glutamic acid
+39.9 %
0.026
2-oxoglutaric acid
+19.2 %
0.035

5.5.4.3. Sex specific differential metabolite abundance in the 3 year old manual data
A question remaining was whether the methodological approach as applied to the 3 year old plasma
samples actually had the power to identify real differences in metabolite abundance. Literature
indicates that there are differences in metabolite levels between males and females (Kochhar et al.,
2006; Pasikanti et al., 2008; Slupsky et al., 2007). An obvious test of this datasets power was
therefore to compare metabolite abundance between rams and ewes.
Using the entire manually derived 3 year old plasma dataset (duplicates averaged, sample sets 1-20
and 21-40 combined), the average relative abundance of 22 metabolites was found to differ
significantly between ram and ewe samples (P <0.05; two-way Student’s t-test), with 13 of these
being significant after Bonferroni correction (Table 5.4). The differences were consistent across all 4
sample sets and not altered by removal of poorly replicated samples 2 and 15.
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Table 5.4 Sex-specific differential metabolite abundance in 3 year old plasma GC-MS data.
The average percentage difference in relative abundance between 20 ram and 20 ewe samples (OVT73 and
WT combined) is shown for 13 metabolites that were differentially abundant between sexes in the 3 year old
plasma GC-MS dataset (two-way Student’s t-test, Bonferroni corrected P <0.001).

Ram vs. Ewe
(Average % difference)
Arachidonic acid (C20:4)
-42.3
Citric acid
-46.8
Lysine
76.9
Heptadecanoic acid (C17:0)
-30.0
cis-aconitic acid
-45.2
Octadecanoic acid (C18:0)
-22.3
Lactic acid
-41.1
Valine
28.6
gamma-linolenic acid (C18:3)
-22.2
Tyrosine
32.9
Threonine
36.1
Isoleucine
25.9
Leucine
22.5
Metabolite

P -value
1.68E-07
3.11E-07
6.59E-07
8.73E-07
2.16E-06
1.11E-05
2.97E-05
4.78E-05
8.2E-05
0.000128
0.000454
0.000463
0.000897

This comparison revealed that differences as small as 22 % (see Table 5.4) could be detected when
combining data from 40 animals, including replication, indicating that the GC-MS method applied
was relatively sensitive. The 3 year old plasma data was subsequently re-analysed for differences in
metabolite abundance between WT and OVT73 within single-sex groups, but no differences
remained significant after correction for multiple testing (P <0.001).

5.5.5. Development of an improved automated pipeline
The problems with the automated GC-MS analysis pipeline revealed through the 3 year old plasma
study prompted a collaborative effort with Dr Yuri Zubenko from the CGPM to re-develop the Rscript underpinning the automated pipeline. This approach used data from the comparison of manual
and automated pipelines (section 5.5.3) to direct the necessary corrections.
First, modifications were made to retention time indices defined in the pipeline R-script. This
enabled accurate quantification of metabolites including alanine and citric acid because the pipeline
now detected the entire peak of interest.
In cases where a metabolite was contaminated by neighbouring compounds with similar spectra, an
alternative mass fragment that would be easier to distinguish was designated for quantification. For
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example, the major mass fragment for aspartic acid was changed from m/z 160 to m/z 128 to avoid
contamination by a closely eluting anonymous peak that also contained the m/z 160 mass fragment
(refer to Figure 5.4). Similarly, the major mass fragment for isoleucine was changed from m/z 144 to
m/z 115 to enable it to be distinguished more easily from leucine (refer to Figure 5.3).
The accuracy of the new automated pipeline was tested on the existing 3 year old plasma GC-MS
data and compared to the manually integrated data. The new pipeline revealed a total of 48 known
metabolites. This included 4-hydroxy-L-proline and arachidic acid, which had not been identified
previously. All other metabolites detected were the same as those in the manually integrated data
(refer to Appendix II, section 3). Manual integration was subsequently performed for 4-hydroxy-Lproline and arachidic acid to enable their inclusion in further comparative analysis.
Comparison between the manual and new automated data of raw abundance values for all 48
metabolites and 80 samples, revealed just 3 individual measurements which differed by >10 %
between the two methods (0.08 % of the total dataset). For 99.7 % of all measurements the difference
in abundance values between the two methods was less than 5 %.
Statistical analysis comparing WT and OVT73 samples using the new automated pipeline data
produced almost identical results to the manually integrated data. The abundance of arachidic acid
(newly added to the dataset) was also found to differ significantly between WT and OVT73 samples
at the nominal level of 0.05 (P = 0.028, two-way Student’s t-test). A comparison of results for the
differentially abundant metabolites (OVT73 vs. WT) identified through analysis of the manual and
new automated datasets is provided in Table 5.5.
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Table 5.5 Differentially abundant metabolites in 3 year old plasma GC-MS data as measured by manual and automated analysis pipelines.
40 plasma samples were assessed in duplicate by GC-MS as 4 sample sets: A1-20, its replicate B1-20, A21-40 and its replicate B21-40. Each sample set was
assessed separately (A1-20, B1-20, A21-40, B21-40), after averaging duplicates (A1-20Avg and A21-40Avg) and after combining duplicate averaged sample sets (140Avg). The percentage difference in average relative abundance and p-value is shown for metabolites that were differentially abundant (OVT73 vs. WT) for each
sample set, in both the manually integrated data (reproduced from Table 5.3) and the corrected automated analysis pipeline (*P <0.05). Bonferroni corrected
significance (P <0.001) was not reached for any compound.

Manual integration
Sample set Metabolite
OVT73 vs. WT P -value
1-40Avg
Heptadecanoic acid
+28.3 %
0.037
1-20Avg
+29.9 %
0.049*
A21-40Avg Glutamic acid
Linoleic acid
+28.4 %
0.016*
A1-20
Heptadecanoic acid
+55.3 %
0.019*
Octadecanoic acid
+41.4 %
0.025*
Oleic acid
+38.1 %
0.027*
gamma-linolenic acid
+37.2 %
0.034*
trans-9-heptadecanoic acid
+40.0 %
0.039*
Pentadecanoic acid
+32.3 %
0.047*
Arachidic acid
NA
NA
B1-20
Glutamic acid
+39.9 %
0.026*
A21-40
2-oxoglutaric acid
+19.2 %
0.035*
B21-40

New automated pipeline
OVT73 vs. WT P -value
+28.5 %
0.035
+30.3 %
0.046*
+27.8 %
0.016*
+55.7 %
0.018*
+42.6 %
0.021*
+37.4 %
0.027*
+37.3 %
0.034*
+41.0 %
0.036*
+31.6 %
0.052
+35.0 %
0.028*
+40.4 %
0.024*
+19.5 %
0.035*
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5.5.6. GC-MS analysis of 6 month old sheep brain and liver tissues
A further objective of this research was to extend the use of GC-MS to solid tissue samples. To this
end, GC-MS was performed on motor cortex, cerebellum and liver tissues from the 6 month old
sheep cohort (7 WT, 7 OVT73), to look for OVT73 specific metabolite differences.
To conserve the limited solid tissue resource, rather than taking two portions of tissue from each
sample to act as replicates, metabolite extraction was performed on a single ~300 mg tissue piece.
This minimised tissue waste upon homogenisation. Resulting metabolite fractions were then divided
into 2 aliquots, derivatised as duplicate sample sets and assessed in separate GC-MS runs (as per the
plasma protocol).
5.5.6.1. Validation of the new automated GC-MS analysis pipeline
Both the new automated analysis pipeline and manual integration were used to analyse the GC-MS
data, testing the new pipeline. Comparison of raw abundance values between the two methods
revealed that in most instances the automated pipeline performed well, with <10 % difference from
the manual data. There were however several specific incidences where this difference was >10 %.
In some cases it was possible to correct the issue by further modification to the pipeline, while in
others it was necessary to remove the erroneous metabolite.
There was good concordance for 53 out of 54 metabolites detected in the liver; with 99.6 % of
automated abundance measurements within 5 % of manually derived values (see Appendix II,
section 4 for a full list of metabolites). Methionine was poorly quantified, with >10 % difference
between automated and manual abundance values for all samples. Manual integration showed that
methionine co-eluted with a more abundant peak corresponding to glutamic acid, which contained
the same mass fragment (m/z 115) used for methionine quantification (see black trace in panel A of
Figure 5.5). Changing the major mass fragment for methionine to a unique fragment (m/z 61; see
blue curve in panel A of Figure 5.5) resolved this issue. All liver samples then had <10 % magnitude
difference in metabolite abundance values between the automated and manual data.
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Figure 5.5 Identification of methionine by GC-MS in 6 month old liver.
A reconstructed ion chromatogram for liver sample 2B is shown. A) Peaks for major mass fragments of
methionine (m/z 115, 61 and 147). Glutamic acid is shown to elute immediately prior and also contains m/z
115 in its mass spectrum. B) The full mass spectra detected for the peak labelled methionine in panel A. Blue
arrows indicate major mass fragments of methionine. Red arrows indicate contamination by mass fragments
from glutamic acid. C) Reference library spectra for methionine and glutamic acid.

Interestingly, methionine had not been identified as a poorly quantified metabolite in the 3 year old
plasma experiment because levels of glutamic acid were many fold lower than in the liver and hence
the two peaks were able to be delineated. Methionine was not present at detectable levels in the
cerebellum or motor cortex.
In the cerebellum GC-MS data, of the 61 metabolites detected, linoleic acid, cis-11-eicosanoic acid
and erucic acid were found to be poorly quantified by the new pipeline relative to the manual data.
The discrepancy in erucic acid was due to its spectral peak being poorly defined (as shown in Figure
5.6) while for linoleic acid and cis-11-eicosanoic acid peaks could not be identified by manual
integration, so they were removed from the analysis. The 58 remaining metabolites were correctly
identified and quantified within 10 % of the manually determined values (98.5 % of automated
abundance measurements were within 5 % of manually derived values; see Appendix II, section 5 for
a full list of metabolites).
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Figure 5.6 Identification of Erucic acid by GC-MS in 6 month old cerebellum.
A reconstructed ion chromatogram for sample B14 is shown, with major mass fragments for the spectrum of
erucic acid highlighted (m/z 55, 69 and 320). The peak for erucic acid (labelled) is not well defined and is
surrounded by more abundant peaks with similar mass spectra (black and blue curves).

In the motor cortex GC-MS data 2 of the 59 metabolites detected; erucic acid and trans-9heptadecanoic acid, were poorly quantified by the automated pipeline (>10 % difference in
abundance between automated and manual data). Like the cerebellum, erucic acid had a poorly
defined spectral peak and was thus removed from the analysis. Trans-9-heptadecanoic acid was
found to co-elute with a large anonymous peak. The use of alternative mass fragments was unable to
resolve the quantification issue and so trans-9-heptadecanoic acid was also removed from the
dataset. The remaining 57 metabolites were detected correctly, with 99.8 % of all abundance
measurements differing by <10 % between the automated and manual data (see Appendix II, section
6 for a full list of metabolites).
5.5.6.2. Assessment of the 6 month old GC-MS data
Replication of the 6 month old GC-MS experiments was examined by calculating the in relative
metabolite abundance between set A and B duplicates, for each ‘individual duplicate’ (refer to
section 5.5.2.1 for definition of an ‘individual duplicate’). The manually integrated values were used
since they are the most accurate. The average difference in metabolite abundance (set A vs. B) for
‘individual duplicates’ was 14.2 %, 14.3 % and 16.4 % for the cerebellum, motor cortex and liver
tissues respectively.
To determine if specific metabolites or samples were poorly replicated on the whole, an arbitrary,
coarse threshold of 33.3 % difference (set A vs. B) was again used to categorise each ‘individual
duplicate’ as ‘well’ or ‘poorly’ replicated. Within the cerebellum dataset 10.7 % of ‘individual
duplicates’ were poorly replicated, with 5 specific metabolites identified as problematic. These were
1-aminocyclopropane-1-carboxylic acid, 4-hydroxy-L-proline, glyoxylic acid, nicotinic acid and
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quinic acid; each with abundance measurements for half or more samples being poorly replicated. In
the motor cortex dataset 7.8 % of all ‘individual duplicates’ were poorly replicated. The main
contributor to this was nicotinic acid, with 11 out of 14 samples being poorly replicated. In the liver
dataset 10.0 % of ‘individual duplicates’ were poorly replicated. Nicotinic acid and benzoic acid
were identified as problematic, each with half or more samples poorly replicated. The primary
contributor though was a single liver sample (HD4), where 25 of the 54 metabolites were poorly
replicated.
The metabolites with poor replication were removed from the appropriate datasets, as well as all data
from liver sample HD4. This saw a reduction in the average difference (set A vs. B) for ‘individual
duplicates’ in each tissue; from 14.2 % to 11.1 % in the cerebellum, from 14.3 % to 12.2 % in the
motor cortex and from 16.4 % to 12.1 % in the liver.
After this data clean-up, analysis of all the 6 month old tissue datasets was undertaken but did not
reveal any statistically significant differences in the relative abundance of any metabolite (OVT73
vs. WT; *P <0.05, two-way Student’s t-test). This was true for both duplicate averaged and
separately analysed sample sets.

5.5.7. Metabolite co-regulation in the GC-MS datasets
The abundance of a metabolite is a function of its synthesis and clearance rates, which in turn are
determined by flux through biochemical pathways comprising many metabolite intermediates
(Morgenthal et al., 2006). Based on this understanding, it was hypothesised that the abundance of
metabolites synthesised/degraded through shared enzymes or biochemical pathways in the sheep
samples may be correlated. Examining relationships between the abundance of different metabolites
could therefore provide insight into metabolite co-regulation in the sheep, including any alterations
in the OVT73 line. To investigate this, pair-wise correlations were generated between relative
abundance values (duplicates averaged) for all possible metabolite pairs in each GC-MS experiment
(3 year old plasma, 6 month old cerebellum, motor cortex and liver) and compared between WT and
OVT73.
5.5.7.1. Metabolite pairs with strong abundance correlations in the GC-MS data
The first question was whether strong correlations of metabolite abundance were detectable in the
GC-MS datasets. A strong correlation would imply that levels of two metabolites were closely
related and thus may be co-regulated.
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Examination of WT and OVT73 groups in each tissue revealed a number of metabolite pairs with
correlation coefficients >0.9 (or <-0.9) (Table 5.6). Moreover, many of these ‘strong’ correlations
were in common between WT and OVT73 groups (indicated by the ‘shared’ column in Table 5.6;
see Appendix II, section 7a-d for a full list of ‘strong’ correlations for each tissue).

Table 5.6 Strong pair-wise metabolite correlations in GC-MS data from sheep samples.
The number of metabolite pairs with a Pearson correlation coefficient (r) >0.9/< -0.9 is shown for WT and
OVT73 groups in each GC-MS dataset (3 year old plasma, 6 month old cerebellum, motor cortex and liver).
The ‘shared’ column indicates metabolite abundance correlations that were >0.9/<-0.9 in both WT and OVT73
samples. The total number of correlations generated for each dataset is shown in the far right column.

WT
OVT73
(r >0.9/<-0.9)) (r >0.9/<-0.9)
3 year plasma
9
8
6 month cerebellum
138
106
6 month motor cortex
228
119
6 month liver
120
45
Tissue

Shared
(r >0.9/<-0.9)
5
40
79
18

Total correlations
1128
1378
1540
1326

Interestingly, 6 of the metabolite pairs that had a ‘shared’ correlation between WT and OVT73 (both
r >0.9) were in common between cerebellum, motor cortex and liver tissues. These metabolite pairs
were leucine – isoleucine, palmitic acid (C16:0) – octadecanoic acid (C18:0), phenylalanine –
leucine, valine – isoleucine, valine – leucine and valine - lysine (refer to Appendix II, section 7e).
The correlations between leucine, isoleucine and valine were notable as they are the branched chain
amino acids, whose metabolism utilises several common enzymes (Chuang et al., 2006). Also,
octadecanoic acid and palmitic acid are produced directly from one another in fatty acid
degradation/synthesis (D'Mello, 2000). This analysis of correlations therefore revealed biologically
meaningful relationships in the metabolite data as well as a baseline consistency between transgene
statuses and different GC-MS datasets. Scatter plots of abundance correlations for leucine and
isoleucine in the 6 month old tissues are shown in Figure 5.7 as an example.
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Figure 5.7 Correlation of isoleucine and leucine in GC-MS data from 6 month old tissues.
Pair-wise correlation (Pearson) of isoleucine and leucine is compared between WT samples and OVT73
samples for GC-MS data from the 6 month old a) cerebellum, b) motor cortex and c) liver. Duplicate averaged
abundance values (relative to d4-alanine and log10 transformed) are shown for each sample (7 WT, 7 OVT73).
Circles = ewes, triangles = rams. Each correlation coefficient (r) is shown.

A further 16 ‘shared’ correlations (WT and OVT73 both r >0.9) were in common between just the
cerebellum and motor cortex (see Appendix II, section 7e).
Fewer ‘strong’ correlations (r >0.9/<-0.9) were detected in the 3 year old plasma dataset and 5 of
these were ‘shared’ between WT and OVT73 groups (Table 5.6). These metabolite pairs were citric
acid – cis-aconitic acid, leucine – isoleucine, 4-methyl-2-oxopentanoic acid – 3-methyl-2oxopentanoic acid, valine – leucine and palmitic acid – oleic acid. The ‘shared’ correlation of leucine
– isoleucine and valine – leucine in the 3 year old plasma was consistent with the 6 month old tissues
(Appendix II, section 7e). That biologically meaningful correlations were in common between WT
and OVT73 groups as well as between different tissues provided reassurance as to the sensitivity and
reliability of the GC-MS method.
5.5.7.2. Differential metabolite abundance correlations between WT and OVT73
With this baseline established, the next step was to look for differences in the correlation of
metabolite levels between WT and OVT73 groups; defined as ‘transgene-altered’ correlations. To
select for results that might reflect altered co-regulation, the decision was made to look specifically
for differences where a correlation was ‘strong’ in one group but ‘weak’ in the other. Thresholds
were set where correlation coefficients >0.9 (or <-0.9) were defined as ‘strong’, while coefficients
<0.1 (or >-0.1) were defined as ‘weak’. These values were deliberately conservative to reflect the
small sample size (7 WT, 7 OVT73) and because preliminary investigation had indicated that many
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correlations would meet these criteria. The stringency would also help to prioritise any differences
identified from this large dataset.
Even with these stringent criteria, it was recognised that the small sample size meant a single outlier
could potentially skew the correlation for a group. To address this possibility, a simplistic ‘bootstrap
analysis’ was used to identify and remove any correlations caused by an obvious outlier sample. This
involved the repeated generation of pair-wise correlations for WT and OVT73 groups, each time
removing a single sample from each group to reveal its effect on the overall correlation. For a strong
correlation (r >0.9/<-0.9) to be validated, each bootstrap analysis needed to have a correlation
coefficient >0.7/<-0.7. For a weak correlation to be validated, each bootstrap analysis needed a
correlation coefficient <0.2/>-0.2 (i.e. a minimum difference between WT and OVT73 correlations
of 0.5). Thresholds were relaxed in the bootstrap analysis to account for loss of power due to the
reduced sample size. This approach was suggested by Vladimir Obolonkin, our statistician, as a
practical way of analysing a small dataset.
In data from the 3 year old plasma and 6 month old motor cortex no ‘transgene-altered’ correlations
were detected for any metabolite pair using these criteria.
One ‘transgene-altered’ correlation was identified in the 6 month old cerebellum. This was a loss of
correlation between tyrosine and 2-aminoadipic acid in OVT73 samples (r = -0.2369) compared to
WT (r = 0.9359) (Fisher r-to-z transformation P = 0.006).
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Figure 5.8 Correlation of 2-aminoadipic acid and tyrosine in the 6 month old cerebellum GC-MS data.
Pair-wise correlation (Pearson) of tyrosine and 2-aminoadipic acid compared between WT samples (r =
0.9359) and OVT73 samples (r = -0.2369) (Fisher r-to-z transformation, p = 0.006). Duplicate averaged
abundance values (relative to d4-alanine and log transformed) are shown for each sample (red = OVT73, blue
= WT, circles = ewes, triangles = rams). Neither tyrosine of 2-aminoadipic acid were differentially abundant
between OVT73 and WT (*P <0.05, Student’s t-test).
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Four metabolite pairs had a ‘transgene-altered’ correlation in the 6 month old liver GC-MS data. All
4 differences involved the strong correlation of L-Ornithine to metabolites in WT samples which
were not apparent in the OVT73 samples (Table 5.7).

Table 5.7 ‘Transgene-altered’ metabolite abundance correlations in the 6 month old liver.
Pair-wise correlations of metabolite abundance that differed between WT and OVT73 groups in 6 month old
liver GC-MS data (r >0.9 in one group and r <0.1 in the other group). *P <0.05, Fisher r-to-z transformation *.

Metabolite pair
N-acetyl-glutamic acid
Glutathione
Histidine
Pyroglutamic acid

L-Ornithine
L-Ornithine
L-Ornithine
L-Ornithine

WT
correlation (r)
0.9541
0.9206
0.9385
0.9009

OVT73
correlation (r)
-0.4309
-0.3767
-0.1451
-0.4756

Fisher
probability
0.001*
0.005*
0.008*
0.0048*

The transgene specific loss of L-Ornithine correlation with 4 other metabolites could indicate
dysregulation of a specific biochemical/co-regulatory pathway. To investigate this, pair-wise
correlations were examined amongst the 4 metabolites which had an altered correlation with LOrnithine; N-acetyl-glutamic acid, glutathione, histidine, and pyroglutamic acid. As shown in Table
5.8, abundances of all 4 metabolites were highly correlated to each other in the WT group and this
did not change significantly in the OVT73 group (moderate – high correlation coefficients); i.e. they
were ‘shared’.

Table 5.8 Pair-wise correlation of pyroglutamic acid, N-acetyl-glutamic acid, histidine and glutathione
in the 6 month old liver GC-MS data.
Correlation coefficients (r) determined for pair-wise correlations of pyroglutamic acid N-acetyl-glutamic acid,
histidine and glutathione, compared between WT and OVT73 groups.

Metabolite pair
WT correlation (r) OVT73 correlation (r)
Pyroglutamic acid
Glutathione
0.9188
0.7858
Pyroglutamic acid
Histidine
0.9753
0.8481
Pyroglutamic acid
N-acetyl-glutamic acid
0.8255
0.8341
N-Acetyl-glutamic acid Glutathione
0.8845
0.5252
N-acetyl-glutamic acid Histidine
0.8908
0.8460
Histidine
Glutathione
0.9772
0.7762
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Overall, the transgene specific loss of strong metabolite correlations seen in both the 6 month old
cerebellum and liver may indicate differential co-regulation of metabolites in the OVT73 samples.
A similar investigation of metabolites is presented for the older 5 year old sheep cohort in Chapter 6,
looking for OVT73 specific metabolite signatures.

5.6. Discussion
This chapter describes the investigation of disease specific metabolite differences in brain and
peripheral tissues from the OVT73 line. Literature suggests that huntingtin functions directly in the
regulation of cellular energy status and defects of metabolism contribute to pathology in the HD
brain (Mochel & Haller, 2011; Oliveira, 2010). Any metabolite changes in the OVT73 sheep
compared to WT could contribute knowledge about molecular mechanisms operating in prodromal
HD and provide potential biomarkers of this disease stage. As this work progressed, deficiencies
were identified with the process of metabolite identification. This chapter also describes the
addressing of these deficiencies.

5.6.1. A pilot study of 18 month old sheep plasma
Gas chromatography-mass spectrometry (GC-MS) was used as an unbiased method for detecting and
quantifying metabolites. As GC-MS had not been used in our laboratory before, the experiments
were also used to develop methods and assess the reliability of GC-MS as applied by the local
service provider (The University of Auckland Centre for Genomics, Proteomics and Metabolomics;
CGPM).
In a pilot study of 7 plasma samples from 18 month old animals, 32 metabolites detected by GC-MS
were able to be assigned a ‘known’ identity based on alignment to an in-house metabolite reference
library. The metabolite classes detected; amino acids, fatty acids and organic acids, have all been
implicated in HD pathology (Block et al., 2010; Mochel, et al., 2007; Mochel & Haller, 2011). No
significant differences in metabolite abundance were identified comparing duplicate GC-MS sample
sets of the 18 month old plasmas and this was taken as reasonable indication that quantification of
the data was reproducible. Moreover, the relative abundance of proline was significantly higher in
OVT73 samples compared to WT by 24.1 % on average, indicating that disease-specific variation
was detectable (refer to Figure 5.1).
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5.6.2. Defects identified in the automated analysis pipeline.
Unfortunately, when GC-MS was applied to a larger set of 20 WT and 20 OVT73 plasma samples
from 3 year old animals, an issue with quantitative replication was identified (refer to Table 5.1).
Further investigation of reasons for the poor reproducibility led to the identification of problems in
the CGPM’s automated analysis pipeline.
The detection and resolution of these defects became a significant part of this research. Comparison
of manually integrated data to the automated GC-MS analysis pipeline data revealed that the pipeline
incorrectly identified some metabolites and inaccurately measured spectral peak abundance. The
inadequacy of the automated pipeline for these samples was highlighted in that the average
difference in metabolite abundance between ‘A’ and ‘B’ sample sets for each ‘individual duplicate’
became 21.3 % following manual integration, compared to 57.6 % using the pipeline. The apparently
poor replication of measurements for alanine and citric acid was also resolved (refer to Table 5.2).
This problem was not apparent in the 18 month old plasma pilot study, possibly due to
methodological differences. For instance, in the pilot study duplicate samples were prepared together
and analysed in a single GC-MS run. In contrast, the 3 year old plasma study was the first
experiment where duplicate sample sets were extracted, derivatised and analysed in separate GC-MS
runs. The variation in duplicate abundance measurements may also reflect variation inherent in the
GC-MS method across multiple extractions/runs.

5.6.3. Sex-specific metabolite differences in 3 year old plasma
Although an improvement, manual integration was not able to completely correct all of the problems
of replication, with 17.9 % of all abundance measurements still being poorly replicated (Table 5.2).
Further investigation showed that 31 % of all the poorly replicated measurements were due to two
specific samples and two metabolites which performed poorly overall (samples 2 and 15; metabolites
docosahexanoic acid and N-2-Acetyl-L-lysine). That ‘individual duplicates’ for docosahexanoic acid
and N-2-Acetyl-L-lysine were poorly replicated across both sample sets 1-20 and 21-40 implies that
these metabolites may have been generally unstable upon extraction/derivatisation. Meanwhile, the
poor replication of samples 2 and 15 suggests there was a technical effect on one or both duplicates
for each sample that affected the concentration of many metabolites. This may have been caused by
unequal metabolite extraction, derivatisation or technical variation between GC-MS runs. The effects
appear to have occurred in isolation to the remaining samples in set 1-20, which were generally well
replicates (<33.3 % difference between set A and B). The remaining poorly replicated measurements
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(69 %) did not show a consistent pattern in their distribution. These effects likely reflect baseline
random technical variation in the GC-MS method between separately prepared and analysed datasets.
Differences in metabolite abundance were not detected overall comparing all WT and OVT73
samples of the 3 year old plasma (refer to Table 5.3). Given the substantial variation identified
between replicate abundance measurements, a question was whether the methodological approach
applied had the power to detect any quantitative differences. This was answered by comparing the
abundance of each metabolite in rams versus ewes, where 13 metabolites were differentially
abundant at a Bonferroni corrected significance level (*P <0.001). This included higher abundance
of six amino acids in rams while four fatty acids, citric acid, cis-aconitic acid and lactic acid were
more abundant in ewes (refer to Table 5.4). These results are in agreement with literature describing
sex differences in plasma and urine of humans, where females tend to show higher abundance of
metabolites associated with lipid metabolism and males show higher abundance of metabolites
associated with protein turnover (Kochhar, et al., 2006; Slupsky, et al., 2007). After the technical
challenges to get to this point, the detection of sex-specific differences indicated that there was the
potential to measure OVT73 specific differences in these samples if they existed, magnitude
dependent of course.
In retrospect, at least some of the variability between sample sets (duplicates and batches) may have
been accounted for if a calibrator sample (possibly a pooled sample) was included in each batch of
samples analysed and used as an additional normalisation step. Duplicates and sample sets (1-20 and
21-40) could then have been combined on the same scale and thus potentially smaller abundance
differences detected. Alternatively, if multiple metabolite standards were included in each sample as
calibrators (i.e. not just d4-alanine) this would not have been a problem.

5.6.4. Re-development of the automated analysis pipeline
A main outcome from the analysis of the 3 year old plasma dataset was the re-development and
improvement of the automated GC-MS analysis pipeline. Having a reliable automated system is
critical for GC-MS to be utilised as a high throughput profiling technology (Smart, et al., 2010).
Manual integration of GC-MS data is extremely time consuming and not practical for large datasets.
It also introduces the possibility of human error in peak identification and quantification.
Re-development of the automated pipeline, undertaken in collaboration with Dr Yuri Zubenko at the
CGPM, used errors identified in the original pipeline to direct refinement of the R-script used for
identification of metabolites and mass fragments used for quantification. A comparison of metabolite
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quantification was made between the manual integration data and the new automated pipeline for the
3 year old plasmas. With less than a 5 % difference between the methods for 99.7 % of comparisons,
it appeared the new pipeline could accurately measure metabolite abundance from GC-MS peaks.
Subsequent application of the new automated pipeline to solid tissue samples from the 6 month old
sheep cohort revealed several instances where further refinement was required. These additional
discrepancies highlighted that metabolite composition may differ between tissue types and hence the
importance of validating this pipeline on all new tissues. With these refinements in place however,
the automated pipeline was able to quantify metabolite abundances within 5 % of the manually
integrated values for almost all measurements. Redevelopment of the automated analysis pipeline
represents a significant improvement to the service provided by the CGPM and will be applicable to
future GC-MS experiments.

5.6.5. Differential metabolite correlation in 6 month old OVT73
No significant differences in metabolite abundance were identified between WT and OVT73 samples
in cerebellum, motor cortex, and liver GC-MS datasets from the 6 month old sheep cohort. When
pair-wise correlations of metabolite abundance were examined though, several OVT73 specific
differences were observed.
In the 6 month old cerebellum a strong correlation between levels of tyrosine and 2-aminoadipic acid
in WT samples (r = 0.9359) was not apparent in the OVT73 samples (r = -0.2369). The amino acid
tyrosine is a metabolite of phenylalanine and a precursor in the synthesis of neurotransmitters
including dopamine and catecholamines (Newsholme & Leech, 1983). Meanwhile 2-aminoadipic
acid is a metabolite of lysine (Chang, 1978) and a structural homolog of glutamate, with effects on
glutamate neurotransmission that enhance excitation in cells (Guidetti & Schwarcz, 2003). It is
therefore possible that the altered correlation of tyrosine and 2-aminoadipic acid could reflect
changes in the biochemical processes for neurotransmission. No differences in the abundance of
glutamate or its pair-wise correlations to other metabolites were detected in this study however,
while dopamine and the catecholamines were not detected. It would be of interest in future to
identify a method which can quantify a range of neurotransmitters including dopamine and the
catecholamines.
Four metabolite correlations that were strong (r >0.9) in the 6 month old liver WT group were not
apparent in the OVT73 group (r <0.1). These were N-acetyl-glutamic acid, glutathione, histidine and
pyroglutamic acid to L-Ornithine (refer to Table 5.7). The subsequent finding that N-acetyl-glutamic
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acid, glutathione, histidine and pyroglutamic acid had ‘shared’ correlations to each other in both WT
and OVT73 (refer to Table 5.8) suggests that the 5 metabolites (including L-Ornithine) may normally
be co-regulated as a group in the sheep liver. Within this group it may be that the regulation of LOrnithine is a point specifically affected by transgene expression in the OVT73 animals.
L-Ornithine is a product of the urea cycle; a process which allows for excretion of excess nitrogen
generated from the catabolism of amino acids, nucleic acids and glutamic acid (Newsholme &
Leech, 1983). As shown in Figure 5.9. L-Ornithine is generated from arginine in a reaction catalysed
by arginase, which simultaneously releases urea.

Figure 5.9 Reactions of the urea cycle.
Key chemical intermediates of the urea cycle and the enzymes (italicised) which facilitate their interconversion
are shown. N-Acetylglutamic acid activates (+) carbamoyl phosphate synthetase (CPS1) in the rate limiting
step of the cycle. P = phosphate. Components of the citric acid (TCA) cycle are generated and utilised in the
urea cycle (image adapted from Newsholme & Leech, 1983).
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Interestingly, N-acetyl-glutamic acid, pyroglutamic acid and glutathione are all metabolites of
glutamic acid, whilst degradation of histidine produces glutamic acid (Newsholme & Leech, 1983).
The loss of correlations of L-Ornithine abundance to these metabolites could therefore represent
dysfunction of the urea cycle in the OVT73 liver, perhaps related specifically to uncoupling of LOrnithine co-regulation with glutamic acid derivatives. N-acetyl-glutamic acid is also a key regulator
of the urea cycle. It activates the enzyme carbamoyl phosphate synthase (CPS1), which converts
ammonium ions to carbamoyl phosphate in the first step of the urea cycle (Figure 5.9). Carbamoyl
phosphate then goes on to react with L-Ornithine to generate citrulline (catalysed by Ornithine
transcarbamoylase).
To explore the potential dysregulation of the urea cycle further it would be of interest to measure the
expression and activity of CPS1 in the OVT73 liver as well as other enzymes and metabolites of the
urea cycle; particularly those involved in L-Ornithine synthesis (arginine and arginase) and
degradation (Ornithine transcarbamoylase). This may help determine why the correlation of LOrnithine with other metabolites was specifically affected. One other study has implicated
dysregulation of the urea cycle in HD, finding elevated levels of ammonia and citrulline in blood
from R6/2 transgenic and CAG150 knock-in mice, as well as suppression in the liver of C/EBPα; an
important transcription factor for several enzymes of the urea cycle (Chiang et al., 2007). They also
identified significantly elevated blood citrulline in 21 patients with HD compared to unaffected
controls. Interestingly, a protein-restricted diet was able to restore C/EBPα and urea cycle activity in
the R6/2 mice and reversed mutant Htt aggregate formation, motor deterioration and loss of striatal
BDNF (Chiang, et al., 2007).
While the examination of pair-wise correlations is an exploratory analysis and should be interpreted
with some caution, the findings of ‘transgene-altered’ correlations were supported by the detection of
biologically relevant correlations that were in common between WT and OVT73 groups (refer to
Table 5.6). For example, the ‘shared’ strong correlation of palmitic acid (C16:0) with octadecanoic
acid (C18:0) in all the 6 month old tissues likely reflects that octadecanoic acid is produced directly
by the addition of a 2 carbon chain to palmitic acid in the process of fatty acid chain elongation,
catalysed by fatty acid elongase (D'Mello, 2000). Likewise, strong correlations between the branched
chain amino acids valine, leucine and isoleucine may reflect that they are metabolised by the same
amino-transferase enzyme (Chuang, et al., 2006). The identification of biologically relevant
correlations which were consistent not only between WT and OVT73 but also between different
tissue types, provided reassurance regarding sensitivity of the GC-MS method applied.
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5.7. Summary & conclusions
The aim of the experiments described in this chapter was to look for metabolite differences between
transgenic OVT73 and WT animals. After initial analyses suggested there were problems with the
GC-MS methodology, an extensive redevelopment of the local service providers’ automated GC-MS
analysis pipeline was undertaken. The new automated pipeline was demonstrated to identify and
quantify metabolites with high accuracy across all tissues analysed. This new pipeline will be useful
for future GC-MS experiments, although tissue specific differences in its accuracy suggest that
validation will be required for each new tissue of interest.
With regard to the reliability of the GC-MS method applied, technical variation was evident for each
separately extracted, derivatised and analysed batch of samples. Despite this variation, sex-specific
differences in the abundance of 13 metabolites were detected in a group of 40 plasma samples from 3
year old animals, demonstrating that the GC-MS method was sensitive for a dataset of this size.
No metabolite differences were found comparing the OVT73 and WT 3 year old plasma samples. It
may be that any changes in these animals are too small to be detected. Similarly, there were no
OVT73 specific abundance differences in the 6 month old cerebellum, motor cortex or liver datasets.
The detection of ‘transgene-altered’ correlations of metabolite abundance for cerebellum and liver
datasets suggests however that there may be OVT73 specific changes in metabolite co-regulation.
Analysis of metabolite function suggests that this may involve dysregulation of the urea cycle in the
6 month old liver.
Given HD is a progressive disorder, greater variation in metabolite abundance and pair-wise
correlations may be evident in older animals. The analysis of metabolites in brain and liver tissues
from the 5 year old sheep cohort using methods established here will be the subject of chapter 6.
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6. Chapter six
Metabolite profiling of the 5 year old
OVT73 sheep
6.1. Overview
It is demonstrated in literature that a disturbance of metabolism exists in HD and this may contribute
to pathology and symptoms (see reviews by Block, et al., 2010; Mochel & Haller, 2011). Studying
metabolites in the OVT73 sheep line may therefore provide insight into the disease mechanisms of
HD and identify biomarkers of the prodromal disease.
Chapter 5 described the analysis of metabolites in plasma, liver and brain tissue from the OVT73
sheep using gas chromatography-mass spectrometry (GC-MS). As a result of this work, methods for
performing GC-MS on sheep tissues were established. The automated analysis pipeline used by the
local service provider (UoA Centre for Genomic, Proteomics and Metabolomics) for identifying and
measuring the abundance of metabolites from GC-MS data in these tissues was also substantially
improved.
The aim of research described in this chapter was to look for metabolite differences between WT and
OVT73 samples in GC-MS data from the 5 year old sheep cohort (6 WT and 6 OVT73). These are
the oldest samples available in this project to date and thus considered most likely to show a
molecular phenotype. Samples from the 5 year old liver, cerebellum, motor cortex and hippocampus
were assessed using GC-MS methods previously established for the 6 month old sheep cohort.
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6.2. General aim
Identify disease specific markers via metabolite analysis of brain and liver tissues from 5 year old
OVT73 sheep using gas chromatography-mass spectrometry (GC-MS).

6.3. Specific aims
1. Perform GC-MS on duplicate sample sets of cerebellum, motor cortex, hippocampus and
liver tissues from the 5 year old OVT73 sheep cohort.
2. Assess the quantitative replication of the GC-MS data generated.
3. Analyse the GC-MS data for quantitative differences in metabolite abundance between WT
and OVT73 samples.
4. Analyse the GC-MS data for differences in the correlation of metabolite abundances between
WT and OVT73 samples.

6.4. Methods
6.4.1. Samples assessed
Samples analysed by GC-MS were from cerebellum, motor cortex, hippocampus and liver tissue of
the 5 year old OVT73 sheep cohort (refer to General Methods, sections 2.2.5 and 2.2.7 for sample
details). Cerebellum subsamples were isolated from the dorsal surface of fresh frozen block 1A and
motor cortex subsamples from the dorsal-lateral surface of block 5A (refer to Figure 2.1 in general
methods). Hippocampus tissue was cut from subsample ‘L’ which was dissected from block 3/4 and
fresh frozen at the time of harvest at SARDI (see Figure 2.2 in General Methods). Liver tissue was
cut from subsamples of caudal lobe also dissected and fresh frozen at the time of harvest (see
General Methods, section 2.2.7).

6.4.2. Metabolite extraction
A mortar and pestle was used to crush ~300 mg tissue pieces into a fine powder under liquid
nitrogen. Methanol extraction was then performed as described for solid tissues in General Methods
section 2.2.12.1, with the exception that 2 mL of 50 % methanol was used in step 1 (instead of 1 mL)
and each centrifugation step was performed for 7 minutes (instead of 5 minutes). This was done to
reduce carryover of tissue homogenate. Immediately after methanol extraction, samples were divided
151

Chapter six

Metabolite profiling of the 5 year old OVT73 sheep

into two aliquots to be used as technical replicates. Duplicate sample sets were freeze dried overnight
then submitted to the CGPM for derivatisation and GC-MS.

6.4.3. Derivatisation and GC-MS
Methyl chloroformate derivatisation and GC-MS were performed on all samples by the CGPM as
described in General Methods section 2.2.12.2. Duplicate sample sets were analysed in consecutive
GC-MS runs.
GC-MS data was analysed by CGPM staff using the new automated pipeline; the development of
which is described in Chapter 5. A description of the automated analysis methodology is given in
methods section 5.4.3 of Chapter 5. In addition, manual integration was performed on 1-2 randomly
selected samples for each metabolite detected to check that the correct peak had been identified and
that quantification by the automated pipeline was accurate. The procedure for manual integration is
detailed in methods section 5.4.4 of Chapter 5.

6.4.4. Statistical analysis
Statistical analysis was performed under the kind guidance of Vladimir Obolonkin (Statistician,
Livestock Improvement Corporation).
A standard least squares linear model (within the Fit Model platform of JMP) was used to test for
statistically significant differences in metabolite abundance between WT and OVT73 samples (*P
<0.05). Standard least squares fits a number of different models to the data including regression,
analysis of variance, analysis of covariance and mixed models to determine the significance of
effects. All relative abundance values were log transformed (log10) prior to analysis to approximate a
normal distribution and duplicate measurements were included additively in the model.
Exploratory analysis included the generation of pair-wise correlations (Pearson product-moment)
between the relative abundance of metabolite pairs (duplicates averaged and log10 transformed) using
JMP software. The statistical significance of differences in correlation coefficients (r) between
OVT73 and WT was determined by Fisher r-to-z transformation (calculator on website
http://www.vassarstats.net/rdiff.html). Linear discriminant analysis was also undertaken using JMP
software, to identify whether abundance measurements for groups of metabolites as a collective
could predict the transgene status (OVT73 or WT) of each sample.

152

Chapter six

Metabolite profiling of the 5 year old OVT73 sheep

6.5. Results
The analysis of GC-MS data collected for liver and several brain regions from the 5 year old sheep
cohort (6 WT and 6 OVT73) is described in this chapter. Applying methods developed in chapter 5
for performing and analysing GC-MS data, the aim was to look for metabolite differences between
WT and OVT73 samples. Results of this analysis are presented in several parts. Following initial
quality assessment, the data was examined for metabolites that were differentially abundant (OVT73
vs. WT), with statistically significant results identified. The possible co-regulation of these
differentially abundant metabolites was then examined by generating pair-wise correlations between
their abundances and comparing these between WT and OVT73. The analysis of correlations was
then expanded to all the metabolites in each dataset. Comparison between WT and OVT73 groups
indicated OVT73 specific correlation differences. Finally, discriminant analysis was applied to
examine whether the metabolite differences identified through these analyses may have relevance as
a disease signature.

6.5.1. Quality assessment of the 5 year old GC-MS data
Prior to statistical analysis each of the GC-MS datasets were quality assessed. This was to check that
calls made by the automated pipeline were correct and to examine the replication of the data. An
additional feature of the new automated pipeline was the inclusion of an image for each named
metabolite showing an overlay of spectral peaks for all samples. This image enabled a quick
assessment of peak quality, and confirmation that metabolites eluted at the expected retention time.
Following this rapid inspection, manual integration was performed on 1-2 randomly selected samples
for each metabolite as a further check on the accuracy of quantification. This quality assessment
procedure resulted in datasets which contained quantitative information for 50 named metabolites in
the cerebellum, 37 in the hippocampus and 48 in each of the motor cortex and liver. The named
metabolites detected in each tissue are listed in Appendix III, sections 1-4.
To assess the replication of metabolite quantification, the percentage difference between set ‘A’ and
‘B’ duplicates was calculated for each metabolite in each sample. This was defined as an ‘individual
duplicate’. The average difference in metabolite abundance (set A vs. B) for ‘individual duplicates’
was similar for cerebellum, hippocampus and liver datasets at 15.3 %, 10.1 % and 12.5 %
respectively, but higher for the motor cortex at 28.3 %.
Each ‘individual duplicate’ was further categorised using an arbitrary, coarse threshold of 33.3 %
difference (set A vs. B) as ‘well replicated’ (<33.3 %) or ‘poorly replicated (>33.3 %). In data from
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the cerebellum, 35 out of 600 total ‘individual duplicates’ (5.8 % of the dataset) were poorly
replicated. No specific metabolite was particularly affected by poor replication on the whole,
although 9 metabolites were unable to be quantified in one set of the split samples. Additionally, for
one sample (WT1) 21 of the 50 metabolites had >33.3 % difference between set A and B abundance
measurements. Without sample WT1, the number of poorly replicated ‘individual duplicates’ was
just 2.5 % of the total dataset.
In data from the hippocampus 11 out of 444 total ‘individual duplicates’ (2.5 % of the dataset) were
poorly replicated, with no specific metabolite or sample over-represented. A similar result was
obtained for the liver, where 28 out of 576 total ‘individual duplicates’ (4.9 % of the dataset) were
poorly replicated, but no specific metabolite or sample contributed disproportionately to this.
In data from the motor cortex 24 % of all ‘individual duplicates’ (138 out of 576) were poorly
replicated. This included 3 samples (HD4, HD5 and HD6) where more than half of the abundance
measurements were poorly replicated. Without HD4, HD5 and HD6 the average difference in
metabolite abundance (set A vs. B) for ‘individual duplicates’ decreased from 28.3 % to 16.6 %.
Given the small sample size (6 WT and 6 OVT73) the decision was made to include all samples in
subsequent statistical analysis. For any statistically interesting metabolites identified for the
cerebellum or motor cortex though, further analysis would be undertaken to assess the effect of
removing the poorly replicated samples (i.e. sample WT1 for cerebellum and samples HD4, HD5 and
HD6 for motor cortex) before judging the validity of results.
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6.5.2. Differential metabolite abundance
Each GC-MS dataset was tested for differences in the relative abundance of metabolites between WT
and OVT73 samples. Duplicate sample sets were included additively in the standard least squares
model, with the reasoning that only differences which were robust overall and not skewed by technical
variation would be revealed (this method was recommended by our statistician, Vladimir Obolonkin).
Significant differences (P <0.05) were found in levels of 11 metabolites from the 5 year old cerebellum,
comparing WT and OVT73 samples. These metabolites are detailed in Table 6.1.
Significant differences (P <0.05) were also found in the liver, where levels of 15 metabolites differed
between WT and OVT73 samples (Table 6.1).
No statistically significant differences in metabolite abundance were identified between WT and OVT73
in motor cortex or hippocampus samples. The 2 most significant results for each of these tissues are
shown in Table 6.1 for comparative purposes.
Interestingly, 25 of the 26 statistically significant differences were for metabolites which were more
abundant on average in OVT73 samples than WT (P <0.05, Table 6.1). Additionally, most differentially
abundant metabolites in the liver were fatty acids and most in the cerebellum were amino acids.
After conservative correction for multiple testing (Bonferroni corrected *P <0.001), differences in the
abundance of pyroglutamic acid and phenylalanine in the cerebellum remained significant. Applying the
same stringency to the liver dataset, differential levels of dodecanoic acid, myristic acid and nicotinic
acid also remained significant. Box plots for these 5 metabolites are shown in Figure 6.1. There were no
significant effects of sex for any of these 5 metabolites. Metabolites which were differentially abundant
between rams and ewes in the 5 year old liver and cerebellum datasets are shown in Appendix III,
section 5.
When the cerebellum data was reanalysed with sample WT1 removed (previously shown to be poorly
replicated), 7 of the 11 metabolites initially identified remained differentially abundant at the 0.05 level
(pyroglutamic acid, phenylalanine, 2-aminoadipic acid, glycine, serine, cysteine and proline). None
remained significant after adjustment for multiple testing however (see Table 6.1).
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Table 6.1 Differential metabolite abundance in 5 year old brain and liver tissue GC-MS data.
The average percentage (%) difference between OVT73 and WT samples is shown for differentially abundant
metabolites in liver and cerebellum GC-MS data (Standard least squares, p<0.05) and the 2 most significant
∆

results for motor cortex and hippocampus. *P <0.001 Bonferroni corrected significance level. Significant after
removal of cerebellum sample WT1 (P <0.05). P -values after removal of cerebellum sample WT1 are in brackets.

Metabolite

OVT73 vs. WT
(% difference)

P -value

Metabolite class

Liver
Dodecanoic acid (C12:0)
Myristic acid (C14:0)
Nicotinic acid
Pentadecanoic acid (C15:0)
Oleic acid (C18:1)
Alanine
Succinic acid
2-aminoadipic acid
Palmitic acid (C16:0)
Dihomo-γ-linolenic acid (DGLA) (C20:3)
Arachidic acid (C20:0)
trans-9-Heptadecenoic acid (C17:1)
Docosahexaenoic acid (DHA) (C22:6)
Heptadecanoic acid (C17:0)
Palmitoleic acid (C16:1)
Cerebellum

77.4
101.0
21.1
60.9
36.3
27.3
-27.2
26.3
32.8
42.1
39.9
49.3
41.1
39.0
61.3

0.001*
0.001*
0.001*
0.005
0.015
0.017
0.023
0.027
0.028
0.030
0.033
0.038
0.039
0.041
0.042

fatty acid (saturated)
fatty acid(saturated)
amino acid derivative
fatty acid (saturated)
fatty acid (unsaturated)
amino acid
TCA cycle intermediate
amino acid derivative
fatty acid (saturated)
fatty acid (unsaturated)
fatty acid (saturated)
fatty acid (unsaturated)
fatty acid (unsaturated)
fatty acid (saturated)
fatty acid (unsaturated)

Pyroglutamic acid

68.8

Phenylalanine

60.6

Glycine
Serine
Cysteine
2-aminoadipic acid
Dihomo-γ-linolenic acid (DGLA) (C20:3)
Proline
Valine
Threonine
Docosahexaenoic acid (DHA) (C22:6)
Table Continues on next page

62.8
71.8
76.0
90.4
144.3
46.6
40.2
53.2
94.4

∆

0.001*

(0.0042)

amino acid derivative

∆

0.001*

(0.0056)
∆
0.007 (0.021)
∆
0.008 (0.023)
∆
0.009 (0.029)
∆
0.014 (0.020)
0.017 (0.053)
∆

0.020 (0.037)
0.021 (0.058)
0.025 (0.061)
0.035 (0.107)

amino acid
amino acid
amino acid
amino acid
amino acid derivative
fatty acid (unsaturated)
amino acid
amino acid
amino acid
fatty acid (unsaturated)
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2-aminoadipic acid
Lactic acid
Motor cortex
2-aminoadipic acid
Succinic acid
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+40.1
+10.5

0.082
0.167

amino acid derivative
anaerobic metabolism

+45.8
+30.9

0.076
0.131

amino acid derivative
TCA cycle intermediate
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Figure 6.1 Metabolites with differential abundance in 5 year old OVT73 liver and cerebellum GC-MS data.
Box plots show duplicate measurements of relative abundance for each 5 year old sheep (6 WT, 6 OVT73) assessed by GC-MS, for 5 metabolites
that were differentially abundant (OVT73 vs. WT). In liver a) dodecanoic acid, b) myristic acid and c) nicotinic acid, were higher in OVT73 samples
than WT (by 77.4%, 101% and 21.1% respectively; standard least squares P = 0.001). In cerebellum d) pyroglutamic acid and e) phenylalanine, were
higher in OVT73 samples than WT (by 68.8% and 60.6% respectively; standard least squares P = 0.001). Abundance values are expressed relative
to d4-alanine and log10 transformed. Within WT and OVT73 groups each colour represents a different animal. Triangles = rams, circles = ewes.
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Three metabolites were differentially abundant (OVT73 vs. WT) in both the liver and cerebellum (2aminoadipic acid, DHA and DGLA), although DGLA and DHA did not remain statistically significant
in the cerebellum after removal of poorly replicated sample WT1 (refer to Table 6.1). The concurrence
between brain and peripheral tissues for 2-aminoadipic acid suggested that metabolite differences in the
OVT73 sheep may be widespread. 2-aminoadipic acid was also the most significantly altered metabolite
in both the hippocampus and motor cortex, albeit not statistically significant (Table 6.1).
Overall, the differential abundance of specific metabolites in the 5 year old cerebellum and liver
provided evidence for the existence of a metabolic disturbance in the OVT73 sheep. A question is
whether the alterations detected are important in the disease process or bystander effects.

6.5.3. Correlation of differentially abundant metabolites
As described in Chapter 5, the abundance of a metabolite is determined by its synthesis and clearance
rates, which in turn are regulated by flux through biochemical pathways comprising many metabolite
intermediates. Altered regulation of any part of a pathway will have flow on effects through that and
interconnected pathways to result in the metabolic state of a cell at any moment (Morgenthal, et al.,
2006).
It was hypothesised that the differential abundance of metabolites in the OVT73 sheep liver and
cerebellum (Table 6.1) could reflect transgene specific differences in the regulation of biochemical
pathways. To investigate this, pair-wise correlations were generated between relative abundance values
for all possible metabolite pairs within each tissue dataset and compared between WT and OVT73
groups. A strong correlation (positive or negative) would imply that the abundance of two metabolites
was related and therefore that they may be co-regulated. A weak correlation would imply that their
abundance was not co-regulated. A difference in correlation strength between OVT73 and WT could
indicate the disease process.
A starting point was to compare pair-wise correlations amongst just the subset of metabolites which
were differentially abundant in the OVT73 cerebellum and liver (P <0.05, refer to Table 6.1). Using
scatter plots to gain an overview of all possible correlations for these metabolite subsets, a striking
observation for both tissues was that the abundance of many metabolite pairs appeared to be strongly
correlated in the OVT73 group but less so in WT. Scatter plots of correlations between the differentially
abundant metabolites (OVT73 vs. WT) in the cerebellum are shown in Figure 6.2 as an example.
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Figure 6.2 Pair-wise correlations of differentially abundant metabolites in the 5 year old cerebellum.
Scatter plots show pair-wise correlations (Pearson) between each of 7 metabolites previously shown to be differentially abundant (OVT73 vs. WT) in the 5
year old cerebellum GC-MS data (P <0.05, both with and without sample WT1). a) WT samples. b) OVT73 samples. Within WT and OVT73 groups each
coloured marker represents the relative abundance of a single sample (6 WT, 6 OVT73; duplicates averaged and log10 transformed). Triangles = rams,
circles = ewes. Poorly replicated sample WT1 is the red circle in a). 95% confidence ellipsoids (pink) are shown for each set of correlations. * Correlation
coefficients >0.9. Note WT and OVT73 scatter plots are not on the same scales as the metabolites were differentially abundant (OVT73 vs. WT).
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The correlation differences observed between OVT73 and WT were further investigated to see if they
may be biologically meaningful. To identify differences that might reflect altered co-regulation, the data
was examined for correlations that were ‘strong’ in one group but ‘weak’ in the other. A correlation
coefficient >0.9 (or <-0.9) was defined as ‘strong’, while a correlation coefficient <0.1 (or >-0.1) was
defined as ‘weak’. These were conservative thresholds to avoid skew by the small sample size.
Comparison between WT and OVT73 confirmed the observation that there were more ‘strong’
metabolite abundance correlations within OVT73 than WT. In the cerebellum GC-MS data 7 of the 21
nominal correlations for the OVT73 group had coefficients >0.9, compared to 2 correlations >0.9 in the
WT group (refer to Figure 6.2). In the liver GC-MS data 35 of the 105 nominal correlations for the
OVT73 group had coefficients >0.9, compared to 14 correlations >0.9 in WT. However no differences
in correlation coefficients between WT and OVT73 met the conservative criteria defined (r>0.9/< -0.9 in
one group and r <0.1/>-0.1 in the other group).

6.5.4. Correlation of all metabolites in the 5 year old GC-MS data
The next step was to extend the analysis of correlations to the whole GC-MS dataset for each of the 5
year old tissues, regardless of whether a metabolite was differentially abundant (OVT73 vs. WT).
Several questions were asked. The first was whether ‘strong’ correlations between the abundance of
metabolites existed and if any of these were in common between WT and OVT73 groups (i.e., ‘shared’
correlations). Identifying consistency between WT and OVT73 was important for establishing a baseline
from which to ask the next questions; whether there were correlation differences between WT and
OVT73 groups (i.e. ‘transgene-altered’ correlations) and if these differences might be informative in the
context of the disease mechanism or as biomarkers.
6.5.4.1. Strong metabolite abundance correlations in WT and OVT73 samples
Setting the same thresholds applied previously, a number of metabolite abundance correlations were
identified as being ‘strong’ (r >0.9) within each of the 5 year old tissue datasets. Moreover, many of
these metabolite pairs were ‘shared’ (r >0.9 in both WT and OVT73 groups; see the ‘shared’ column in
Table 6.2).
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Table 6.2 Strong metabolite abundance correlations in 5 year old sheep brain and liver tissues.
The number of ‘strong ‘pair-wise correlations (r >0.9/<-0.9) is shown for WT and OVT73 groups for each 5 year
old GC-MS dataset (liver, cerebellum, motor cortex, hippocampus). The number of metabolite pairs with a ‘shared’
correlation (r>0.9/<-0.9 in both WT and OVT73 groups) is detailed for each tissue in the ‘shared’ column. The total
number of all pair-wise correlations generated for each dataset is detailed far right. Correlations were generated
using duplicate averaged and log10 transformed relative abundances for all samples.

Tissue
Liver
Cerebellum
Motor cortex
Hippocampus

WT
(r >0.9)
60
250
138
39

OVT73
(r >0.9)
132
746
257
86

Shared
(r >0.9)
40
206
127
21

Total correlations
(each status)
1128
1275
1128
666

Additionally, when the metabolite pairs with ‘shared’ correlations were examined, there was overlap
between the different tissues. Two of the ‘shared’ correlations were in common between all 4 GC-MS
datasets; palmitic acid (C16:0) – oleic acid (C18:1) and pentadecanoic acid (C15:0) – myristic acid
(C14:0). Moreover, between just the motor cortex and cerebellum datasets 80 metabolite pairs with
‘shared’ correlations were in common (see Appendix III, section 6).
6.5.4.2. ‘Transgene-altered’ metabolite abundance correlations
A further observation shown in Table 6.2 was that for each GC-MS dataset almost all ‘strong’
correlations in the WT group were also ‘strong’ in OVT73 (compare ‘WT’ and ‘shared’ columns in
Table 6.2). However, the total number of ‘strong’ OVT73 correlations was double or more that of WT.
This indicated that there may be differences in metabolite co-regulation between WT and OVT73.
To investigate for correlation differences which might reflect altered co-regulation, the data was again
examined for instances where a correlation was ‘strong’ in one group but ‘weak’ in the other. As
described in section 6.5.4.1, a correlation coefficient >0.9/<-0.9 was defined as ‘strong’ and a coefficient
<0.1/>-0.1 defined as ‘weak’. As described in the previous chapter, a basic ‘bootstrap analysis’ was also
applied to ensure that correlations were not skewed by any outlier sample. This involved the repeated
generation of pair-wise correlations for WT and OVT73 groups, each time removing a single sample
from each group to reveal its effect on the overall correlation. For a ‘strong’ correlation to be validated,
an arbitrary but stringent threshold was set that each bootstrap analysis needed to have a correlation
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coefficient >0.7/<-0.7. For a ‘weak’ correlation to be validated each bootstrap analysis needed to have a
correlation coefficient <0.2/>-0.2. Correlations which met these criteria were defined as ‘transgenealtered’ correlations. Fisher r-to-z transformation was performed to test whether the difference in
correlation coefficients was statistically significant (*P <0.05).
Using this approach, 9 ‘transgene-altered’ correlations were identified in the 5 year old liver GC-MS
data and 32 ‘transgene-altered’ correlations in the 5 year old cerebellum (P <0.05, Fisher r-to-z
transformation). As detailed in Table 6.3, all of the ‘transgene-altered’ correlations were for strong
positive correlations (r >0.9) in the OVT73 group which were not evident in WT. These results can be
visualised in the scatter plot matrices shown in Figure 6.3 and Figure 6.4. No significant ‘transgenealtered’ correlations were identified for the motor cortex or hippocampus with the thresholds applied.

Table 6.3 ‘Transgene-altered’ metabolite abundance correlations in 5 year old liver and cerebellum.
Correlation coefficients are shown for metabolite pairs which had a ‘transgene-altered’ correlation (OVT73 vs.
WT) in the 5 year old liver and cerebellum GC-MS data (Fisher r-to-z transformation p<0.05).

α

Metabolites that

were also differentially abundant individually (OVT73 vs. WT, P <0.05).

Metabolite pair
Liver
Cysteine
Isoleucine
Cysteine
Leucine
Cysteine
Proline
Cysteine
Asparagine
Cysteine
Valine
α
Dodecanoic acid
Valine
α
Palmitoleic acid
Valine
α
Palmitoleic acid
Lysine
α
Oleic acid
Lysine
Table 6.3 continues over page

WT
correlation (r)

OVT73
correlation (r)

Fisher
Probability

-0.3175
-0.3263
-0.2924
-0.1818
-0.03322
-0.4081
-0.6025
-0.64
-0.5688

0.91
0.9276
0.9141
0.9554
0.9463
0.9641
0.965
0.9535
0.9035

0.0232
0.0155
0.0232
0.0111
0.0088
0.0029
0.0009
0.0013
0.0088
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Cerebellum
Cysteineα
DGLAα1
N-acetyl-glutamic acid
N-acetyl-glutamic acid
N-acetyl-glutamic acid
N-acetyl-glutamic acid
N-acetyl-glutamic acid
N-acetyl-glutamic acid
Phenylalanineα
Phenylalanineα
Phenylalanineα
Phenylalanineα
Phenylalanineα
Phenylalanineα
Phenylalanineα
Pyroglutamic acidα
Pyroglutamic acidα
Threonineα2
Threonine α
Threonine α
Threonineα
Threonineα
Threonineα
Tyrosine
Tyrosine
Tyrosine
Tyrosine
Tyrosine
Tyrosine
Tyrosine
Valine α3
Valineα

Quinic acid
Quinic acid
Dodecanoic acid
Glutathione
Lactic acid
Nicotinic acid
Oleic acid
Succinic acid
Glutamic acid
Hexanoic acid
lactic acid
Oleic acid
p-toluic acid
Quinic acid
Succinic acid
lactic acid
Glutathione
Aspartic acid
Dodecanoic acid
Glutathione
Glutamic acid
lactic acid
Oleic acid
Aspartic acid
Glutamic acid
Lactic acid
Oleic acid
p-toluic acid
Quinic acid
Succinic acid
Glutathione
Lactic acid
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WT
correlation (r)

OVT73
correlation (r)

Fisher
Probability

-0.5936
-0.191
-0.273
-0.517
-0.328
-0.3381
-0.2268
-0.2002
-0.3422
-0.0478
-0.6411
-0.129
-0.2978
-0.6935
-0.3751
-0.1829
-0.2857
-0.1315
-0.192
-0.5472
0.0317
-0.3802
-0.1404
-0.1683
-0.0699
-0.4444
-0.0593
-0.08271
-0.4339
-0.1838
-0.3256
-0.1869

0.9234
0.9285
0.9287
0.9175
0.936
0.9173
0.9552
0.9185
0.9162
0.972
0.978
0.9434
0.949
0.9808
0.9755
0.9547
0.9216
0.9537
0.9806
0.9426
0.9275
0.9444
0.918
0.9426
0.9731
0.9758
0.9572
0.9934
0.9374
0.992
0.9247
0.9028

0.005
0.0244
0.0183
0.0085
0.0121
0.0183
0.0093
0.0293
0.0188
0.0078
0.0002
0.0203
0.0091
0.0001
0.0015
0.0114
0.0203
0.0143
0.0021
0.0036
0.0488
0.0076
0.0357
0.0183
0.0065
0.001
0.016
0.0003
0.0076
0.0003
0.0164
0.0488

1

DGLA differential abundance (OVT73 vs. WT) did not remain significant (P <0.05) after removal of poorly replicated
cerebellum sample WT1.
2
Threonine differential abundance (OVT73 vs. WT) did not remain significant (P <0.05) after removal of poorly replicated
cerebellum sample WT1.
3
Valine differential abundance (OVT73 vs. WT) did not remain significant (P <0.05) after removal of poorly replicated
cerebellum sample WT1.
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Figure 6.3 Scatter plots of metabolites with ‘transgene-altered’ abundance correlations in the 5 year old liver.
Scatter plots of pair-wise correlations (Pearson) are shown for each metabolite that had at least one ‘transgene-altered’ correlation in the 5 year old liver
GC-MS data (WT on left, OVT73 on right). Scatter plots for statistically significant ‘transgene-altered’ correlations are shown with a white background (r
>0.9 in OVT73 and r <0.1 in WT; P <0.05 Fisher r-to-z transformation). All significant differences also met bootstrap criteria (r >0.7 in OVT73 and r <0.2
in WT). Each sample (duplicate abundances averaged and log10 transformed) is shown as a different colour (6 WT, 6 OVT73). 95 % confidence
ellipsoids (pink) are shown for each correlation. Note WT and OVT73 scatter plots are not shown on the same scales as some metabolites were also
differentially abundant (OVT73 vs. WT).
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Figure 6.4 Scatter plots of metabolites within ‘transgene-altered’ abundance correlations in the 5 year old cerebellum.
Scatter plots of pair-wise correlations (Pearson) are shown for each metabolite that had at least one ‘transgene-altered’ correlation in the 5 year old
cerebellum GC-MS data (WT on left, OVT73 on right). Scatter plots for statistically significant ‘transgene-altered’ correlations are shown with a white
background (r >0.9 in OVT73 and r <0.1 in WT s; P <0.05, Fisher r-to-z transformation). All significant difference also met bootstrap criteria (r >0.7 in
OVT73 and r <0.2 in WT). Each sample (duplicate abundances averaged and log10 transformed) is shown as a different colour (6 WT, 6 OVT73). 95 %
confidence ellipsoids (pink) are shown for each correlation. Note WT and OVT73 scatter plots are not on the same scale as some metabolites were
differentially abundant (OVT73 vs. WT).
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6.5.4.3. Nodes of ‘transgene-altered’ correlations
Interestingly, some specific metabolites had a ‘transgene-altered’ correlation with more than one other
metabolite. In the liver dataset for example, levels of cysteine were strongly correlated to 5 different
metabolites in the OVT73 group (isoleucine, leucine, proline, asparagine and valine) and not in WT
(Table 6.3). Similarly, levels of phenylalanine in the cerebellum were strongly correlated to 7
metabolites in the OVT73 group (glutamic acid, hexanoic acid, lactic acid, oleic acid, p-toluic acid,
quinic acid and succinic acid) but not WT (Table 6.3).
Individual metabolites which had a ‘transgene-altered’ correlation with more than one other metabolite
(such as phenylalanine and cysteine) could be considered to form ‘nodes’ of differential correlation.
These ‘nodes’ are evident in Table 6.3 and can also be seen by examining individual rows and columns
of the scatter plots in Figure 6.3 and Figure 6.4.
Not only were these ‘nodes’ apparent, but there was overlap between them. In the liver for example,
valine and lysine both formed nodes of ‘transgene-altered’ correlations (with 3 and 2 ‘transgene-altered’
correlations respectively) and had a common strengthened correlation to palmitoleic acid in the OVT73
group compared to WT (see Table 6.3 and Figure 6.3). The overlap was even more evident in the
cerebellum, where for example, nodes of ‘transgene-altered’ correlations formed by N-acetyl-glutamic
acid, phenylalanine, pyroglutamic acid, threonine, tyrosine and valine all had a common strengthened
correlation with lactic acid in OVT73 samples compared to WT (see Table 6.3 and Figure 6.4. The
overlap of the ‘nodes’ of ‘transgene-altered’ correlations could indicate that a common mechanism
underlies the differences observed.
‘Shared’ correlations between nodes of ‘transgene-altered’ correlations in the 5
year old liver
If the ‘transgene-altered’ correlations did arise through a common mechanism, this would imply that at
least some of the metabolites involved may in fact be co-regulated; i.e. the differential correlation of
metabolite abundances may be caused by effects of the transgene on a single (or a few) co-regulated
biochemical pathway(s) in the OVT73 sheep.
To investigate this possibility, correlations between the abundance of all metabolites with at least one
‘transgene-altered’ correlation (10 metabolites for liver and 19 metabolite for cerebellum; refer to Table
6.3), were examined for ‘shared’ correlations (r>0.9 in both WT and OVT73, with each bootstrap
167

Chapter six

Metabolite profiling of the 5 year old OVT73 sheep

analysis required to show a coefficient >0.7/<-0.7 to validate this). A ‘shared’ correlation would indicate
that two metabolite may normally be co-regulated.
In the liver GC-MS data subset 4 metabolite pairs had a ‘shared’ correlation; palmitoleic acid (C16:1) –
oleic acid (C18:1), proline - asparagine, valine – isoleucine and leucine – isoleucine.
To see if further links could be established, a less stringent criteria was also applied where a ‘strong’
correlation was defined as having a coefficient >0.8/<-0.8 (rather than r >0.9/<-0.9). Correlations
identified were still required to meet the original bootstrap criteria (r >0.7/<-0.7) to validate a strong
correlation. Setting this threshold, a further 3 ‘shared’ correlations were identified for this subset of the
liver GC-MS data; palmitoleic acid – dodecanoic acid, oleic acid – dodecanoic acid and isoleucine –
asparagine.
The detection of these ‘shared’ correlations (r >0.8 in both WT and OVT73) provided an additional layer
to the paradigm created by the overlapping nodes of ‘transgene-altered’ correlations. These layers are
illustrated schematically in Figure 6.5. Each red line drawn between two metabolites indicates a
‘transgene-altered’ correlation. In each case the correlation of a metabolite pairs abundances was
significantly stronger in OVT73 samples than WT (P <0.05, Fisher r-to-z transformation). Each blue
line drawn between two metabolites indicates a ‘shared’ correlation, where the correlation of a
metabolite pairs abundance was strong (r>0.8) in both WT and OVT73.
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Figure 6.5 Overlapping nodes of ‘transgene-altered’ abundance correlations in the 5 year old liver.
All metabolite pairs with a ‘transgene-altered’ correlation in the 5 year old liver GC-MS data are shown by red
lines (all were significantly strengthened in the OVT73 group compared to WT). Blue lines indicate a ‘shared’
correlation between two metabolites (r >0.8 in both WT and OVT73 groups). Metabolite names shown in boxes
were differentially abundant individually (OVT73 vs. WT, P <0.05). Arrows indicate the direction of this difference.

The relationships between metabolites shown in Figure 6.5 suggest that the ‘transgene-altered’
correlations of metabolite pairs in the liver can be separated broadly into two groups; 1) those involving
fatty acids with ‘shared correlations’ (dodecanoic acid, oleic acid and palmitoleic acid) which each had a
‘transgene-altered’ correlation to valine and/or lysine, and 2) those involving amino acids with ‘shared’
correlations (valine, isoleucine, leucine, proline and asparagine) which each had a ‘transgene-altered’
correlation to cysteine. Notably, the 3 fatty acids also had significantly higher levels in OVT73 samples
compared to WT (refer to Table 6.1). The ‘transgene-altered’ correlation of valine with dodecanoic acid
and palmitoleic acid (Figure 6.5) also indicated an intersection of the amino acid and fatty acid groups in
OVT73 samples, which did not exist in WT samples.
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‘Shared’ correlations between nodes of ‘transgene-altered’ correlations in the 5
year old cerebellum
The same analysis was performed for the 5 year old cerebellum GC-MS data. In this dataset almost all of
the 19 metabolites that had a ‘transgene-altered’ correlation could be considered to form ‘nodes’; each
with a ‘transgene-altered’ correlation to more than one other metabolite (refer to Table 6.3 and Figure
6.4).
Similar to the liver, it was hypothesised that the extensive overlap of these nodes in the cerebellum GCMS data may reflect a common mechanism of altered co-regulation. To investigate this, pair-wise
correlations between the abundance of all 19 metabolites with at least one ‘transgene-altered’ correlation
were examined for the existence of ‘shared’ correlations. The detection of ‘shared’ correlations would
indicate that two metabolites may be co-regulated and thus their ‘transgene-altered’ correlations may
have arisen through the same mechanism. The same thresholds were used as for the liver analysis (r >0.8
in both WT and OVT73 samples and coefficients needed to meet bootstrap analysis criteria; r >0.7).
Since this was a larger subset of metabolites, a start point was to examine correlations between the
abundance of metabolites which formed the ‘major nodes’ of ‘transgene-altered’ correlations. A ‘major
node’ was defined as a metabolite with 3 or more ‘transgene-altered’ correlations and included
phenylalanine (7), tyrosine (7), threonine (6), lactic acid (6), N-acetyl-glutamic acid (5), glutathione (4),
oleic acid (4), quinic acid (4) and glutamic acid (3) (refer to Table 6.3). Amongst these specific
metabolites, 5 ‘shared’ correlations were identified using the threshold applied. These are detailed in
Table 6.4.
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Table 6.4 ‘Shared’ correlations of metabolites forming major nodes of ‘transgene-altered’ correlations in
the 5 year old cerebellum.
Metabolites with a ‘shared’ correlation (r>0.8/<-0.8) in WT and OVT73) are shown. The analysis was restricted to
pair-wise correlations amongst the metabolites which formed major nodes of ‘transgene-altered’ correlations in
the 5 year old cerebellum GC-MS data (see text for further details).

Metabolite pair
Threonine
Threonine
Tyrosine
Glutamic acid
Glutamic acid

N-acetyl-glutamic acid
Phenylalanine
Phenylalanine
Lactic acid
Glutathione

WT correlation
(r)
0.9257
0.8655
0.8579
0.9017
0.8052

OVT73 correlation
(r)
0.9535
0.8625
0.9532
0.952
0.9212

A second question was whether levels of cysteine, phenylalanine and pyroglutamic acid had a ‘shared’
correlation. These 3 metabolites each had at least one ‘transgene-altered’ correlation and were
differentially abundant (OVT73 vs. WT) individually (refer to Table 6.1). Phenylalanine and cysteine
were found to have a ‘shared’ correlation, with coefficients >0.9 in both WT and OVT73 groups (and
validated by bootstrap analysis). ‘Shared’ correlations were not identified for phenylalanine –
pyroglutamic acid or pyroglutamic acid – cysteine.
Similar to the liver, the detection of ‘shared’ correlations in the cerebellum provided an additional layer
to the paradigm created by the overlapping nodes of differential correlations. These are illustrated
schematically in Figure 6.6.
When correlations were examined amongst all 19 metabolites which each had at least one ‘transgenealtered’ correlation in the cerebellum, a further 22 correlations (of 171 total) were identified that were
‘shared’ (all r >0.8 and validated by bootstrap analysis). For simplicity these are not presented in Figure
6.6, but are provided in Appendix III (section 7).
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Figure 6.6 Overlapping nodes of ‘transgene-altered’ abundance correlations in the 5 year old cerebellum.
All metabolite pairs with a ‘transgene-altered’ correlation in the 5 year old cerebellum GC-MS data are shown by red lines (all were significantly strengthened in the
OVT73 group compared to WT). Blue lines indicate a ‘shared’ correlation between two metabolites (r >0.8 in both WT and OVT73 groups). For simplicity only
‘shared’ correlations between metabolites that formed ‘major nodes’ of ‘transgene-altered’ correlations (≥ 3 OVT73 vs. WT ‘transgene-altered’ correlations) are
shown. A further 19 ‘shared’ correlations were identified within this subset of metabolites (see Appendix III, section 7). Names of metabolites forming the major
nodes are bolded. Metabolite names in boxes were differentially abundant (OVT73 vs. WT; P <0.05 after removal of sample WT1). Arrows indicate the direction of
this difference.
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The relationship between metabolites shown in Figure 6.6 again suggests that separate groups of
metabolites with ‘shared’ correlations’ are strongly correlated as a single (or a few) groups in the
OVT73 samples. For example, the metabolite pairs of phenylalanine-tyrosine and lactic acidglutamic acid which each had a ‘shared’ correlation (Figure 6.6, blue lines), are strongly correlated to
each other in OVT73 samples (Figure 6.6, red lines). Additionally, threonine (which has a ‘shared’
correlation to phenylalanine) is strongly correlated to glutamic acid in OVT73 samples. Furthermore,
N-acetyl-glutamic acid (which has a ‘shared’ correlation to threonine) is strongly correlated to lactic
acid in the OVT73 samples. More examples can be seen by examining Figure 6.6. Together, the
finding of many ‘shared’ correlations between metabolites which formed nodes of ‘transgenealtered’ correlations in the 5 year old cerebellum suggests that the OVT73 specific differences may
have arisen through a common mechanism.
6.5.4.4. Metabolite signatures of OVT73 liver and cerebellum
It was further hypothesised that the ‘transgene-altered’ correlations in the 5 year old liver and
cerebellum GC-MS datasets may represent metabolic signatures; where a group of metabolites may
together distinguish OVT73 from WT samples. To investigate this, discriminant analyses were
performed using relative abundances (duplicate averaged and log10 transformed) of the 10
metabolites from liver and 19 metabolites from cerebellum that had at least one ‘transgene-altered’
correlation (refer to Table 6.3).
These metabolite subsets correctly predicted the transgene status of every sample in the liver and
cerebellum respectively (-2log likelihood = 0.08 for liver and 0.0002 for cerebellum). In fact, only 11
of the 19 metabolites from the cerebellum subset were necessary to correctly call all WT and OVT73
samples (pyroglutamic acid, DGLA, tyrosine, cysteine, nicotinic acid, dodecanoic acid, N-acetylglutamic acid, valine, phenylalanine, p-toluic acid and aspartic acid). The variation contained within
these metabolite subsets may therefore represent OVT73 specific metabolite signatures.
To test the robustness of these metabolite signatures, the same groups of metabolites were used as
input to discriminant analysis performed on corresponding liver and cerebellum GC-MS datasets
from the 6 month old sheep cohort (previously presented in Chapter 5). The subset of 10 metabolites
that discriminated WT and OVT73 samples in the 5 year old liver were not able to correctly predict
the transgene status of WT and OVT73 samples in the 6 month old liver. Notably though, the subset
of 11 metabolites that discriminated WT and OVT73 samples in the 5 year old cerebellum also
correctly predicted the transgene status of all 7 WT and 7 OVT73 samples in the 6 month old
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cerebellum GC-MS data (-2log likelihood = 0). This provided validation to the metabolite signature
of the OVT73 cerebellum.
6.5.4.5. A metabolite signature in 3 year old OVT73 plasma
The development of therapies to treat HD is critically limited by the availability of biomarkers to
monitor efficacy (Henry & Mochel, 2012). A disease specific metabolite signature; for example
those described for the 5 year old OVT73 sheep cerebellum and liver, could be such a biomarker.
The most useful biomarker however would be one that can be measured in an easily accessible tissue
such as blood plasma, which can be obtained and monitored in real-time from live subjects.
With this in mind, a discriminant analysis was performed retrospectively on GC-MS data from the 3
year old sheep plasma samples previously presented in Chapter 5. In this instance no differentially
abundant metabolites (OVT73 vs. WT) or ‘transgene-altered’ correlations had been identified (refer
to chapter 5), so discriminant analysis was undertaken using all 48 metabolites measured as input
(duplicate averaged and log10 transformed relative abundances).
The combination of abundance values for 21 of the 48 metabolites was able to correctly predict the
transgene status of all 20 WT and 20 OVT73 samples of 3 year old plasma. These were 4-hydroxyL-proline, heptadecanoic acid, dodecanoic acid, serine, tyrosine, methionine, pyroglutamic acid,
benzoic acid, arachidic acid, oleic acid, cis-aconitic acid, palmitoleic acid, arachidonic acid,
isoleucine, 2-aminoadipic acid, DHA, glycine, proline, alanine, pentadecanoic acid and palmitic acid
(-2log likelihood = 0.006). This data suggests that an OVT73 specific metabolite signature exists in
plasma from 3 year old sheep.
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6.6. Discussion
Several lines of evidence demonstrate that a metabolic disturbance exists in HD. Patients with HD
lose weight despite increased caloric intake (Aziz, et al., 2008; Djousse, et al., 2002), components of
the electron transport chain are shown to be defective in the HD brain (Gu, et al., 1996), and the
ATP/ADP ratio is lower in lymphoblastoid cell lines derived from HD patients compared to
unaffected individuals (Seong, et al., 2005). Defective transcription of genes involved in cholesterol
and fatty acid biosynthesis has also been revealed in cell cultures expressing the HD mutation
(Sipione et al., 2002; Valenza et al., 2005). These observations led to the hypothesis that examination
of metabolite abundance in the OVT73 sheep may reveal biomarkers relevant to pre-manifest HD
and provide clues to the underlying disease mechanism. This chapter presents the analysis of
metabolites measured by GC-MS in brain and liver tissues from 5 year old OVT73 and WT sheep.

6.6.1. Differential metabolite abundance in the 5 year old OVT73
cerebellum and liver
Analysis of quality assessed GC-MS data from the 5 year old sheep cohort detected OVT73 specific
metabolite differences, with 15 metabolites in the liver and 11 in the cerebellum being differentially
abundant at a nominal significance level of 0.05 (Table 6.1). Differences for 5 metabolites were
significant even after conservative correction for multiple testing, indicating that they were robust
effects. These were dodecanoic acid, myristic acid and nicotinic acid in the liver and pyroglutamic
acid and phenylalanine in the cerebellum.
Dodecanoic acid and myristic acid were significantly more abundant on average in the OVT73 liver
compared to WT by 77.4 % and 101 % on average, respectively (P =0.001). Dodecanoic acid
(C12:0) and myristic acid (C14:0) are medium chain length saturated fatty acids, generated
sequentially as products of fatty acid biosynthesis (C12:0 to C14:0) and oxidation (C14:0 to C12:0).
Dodecanoic acid and myristic acid have not been specifically implicated in the pathology of HD
before, although more generalised defects in fatty acid biosynthesis in the HD brain have been
described (reviewed in Block, et al., 2010).
Nicotinic acid was 21.1 % more abundant on average in the OVT73 liver than WT (P =0.001).
Nicotinic acid (also known as niacin or vitamin B3) is an organic acid synthesised from tryptophan
via the kynurenine pathway. It functions primarily as a precursor to NAD+ and NADP+ which are
cofactors in a number of energy consuming processes (Newsholme & Leech, 1983). Nicotinic acid
inhibits lipolysis and is commonly prescribed in combination with statin drugs to reduce low density
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lipoprotein in individuals at risk of cardiovascular disease (Carlson, 2005). In the form of
nicotinamide it has also been shown to reduce elevated concentration of lactic acid in HD patients
(Beal, 1994). In the R6/1 mouse model of HD, administration of niacin results in increased
transcription of BDNF and PGC-1α in the brain along with improved motor impairment scores
(Hathorn et al., 2011). Increased nicotinic acid in the OVT73 liver may therefore be a protective
response and potentially be related to the altered fatty acid levels seen. Interestingly, one study has
suggested that patients with HD may have impaired sensitivity to niacin, after administration resulted
in less skin flushing (a common effect of niacin) compared to control subjects (Puri, 2001).
Pyroglutamic acid was 68.8 % more abundant on average in the 5 year old OVT73 cerebellum than
WT (P =0.001) 4 . Pyroglutamic acid (also called 5-oxoproline) is an analogue of glutamic acid,
generated and utilised through the γ-glutamyl cycle, the purpose of which is to replenish glutathione
levels (Kumar & Bachhawat, 2012). Notably, symptoms associated with the disease 5-oxoprolinuria
(elevated levels of pyroglutamic acid caused by mutations in genes encoding enzymes involved in
glutathione synthesis) include mental retardation, seizures and ataxia (Kumar & Bachhawat, 2012).
Elevated levels of pyroglutamic acid in the OVT73 cerebellum could therefore have a negative effect
on neurological function. One other study has described differential abundance of pyroglutamic acid
in symptomatic HD patients where levels were reduced in the post-mortem striatum and elevated in
plasma (Uhlhaas & Lange, 1988).
Phenylalanine was 60.6 % more abundant on average in the OVT73 cerebellum compared to WT (P
=0.001) 5. Phenylalanine has not been specifically implicated in HD, although excessive levels are
known to be toxic to neurons. Phenylketonuria is a disease caused by mutations in the gene encoding
phenylalanine hydroxylase, which leads to an elevation of phenylalanine causing intellectual
disability and seizures (Mitchell et al., 2011). Phenylalanine itself is a precursor to tyrosine,
dopamine, norepinephrine and epinephrine (Newsholme & Leech, 1983). Its increased abundance in
the OVT73 cerebellum could thus have flow on effects to neurotransmission. As phenylalanine is an
essential amino acid that can only be obtained via the diet, one possibility is that its metabolism to
tyrosine, catalysed by phenylalanine hydroxylase, is prevented in the OVT73 cerebellum resulting in
phenylalanine accumulation. Measurement of phenylalanine hydroxylase activity in the OVT73
sheep would be of interest to test this hypothesis. Levels of tyrosine were not differentially abundant
between WT and OVT73. Therefore there is currently no evidence to support an effect of
phenylalanine abundance via a concomitant increase in tyrosine. Alternatively, the higher abundance
4
5

After poorly replicated cerebellum sample WT1 was removed, the P -value for pyroglutamic acid was 0.0042
After poorly replicated cerebellum sample WT1 was removed, the P -value for pyroglutamic acid was 0.0056
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of phenylalanine in the OVT73 cerebellum could reflect a generalised catabolic breakdown of
protein. Such an effect is supported in that several other amino acids were also significantly
increased in the OVT73 cerebellum (refer to Table 6.1).
Two further observations from the analysis of differential abundance in the 5 year old GC-MS
datasets were notable. Firstly, all but one of the differentially abundant metabolites were significantly
higher in OVT73 samples than WT. Secondly, most differentially abundant metabolites (P <0.05) in
the liver were fatty acids while most in the cerebellum were amino acids. These observations suggest
that within tissues there may be a generalised OVT73 specific change in metabolic state, but that the
nature of this change is tissue type specific.
6.6.1.1. Increased fatty acid abundance in the OVT73 liver
Like humans, ruminants such as sheep use glucose as their primary energy source. Unlike humans
though, very little glucose is absorbed through the ruminant gut (the rumen). Instead, short chain
saturated fatty acids in the diet; namely acetate (C2:0), propionate (C3:0) and butyrate (C4:0), are
taken up and used in the liver to make glucose (Brockman & Laarveld, 1986). Longer chain saturated
fatty acids may also be absorbed following synthesis by ruminal microbes. Any unsaturated fatty
acids in the diet are generally not absorbed as they become hydrogenated (saturated) in the hydrolytic
environment of the rumen (Bauchart et al., 1996).
The majority of glucose used for metabolism in the whole sheep is made in the liver by
gluconeogenesis. In addition to fatty acids, other non-carbohydrate substances (e.g. glucogenic
amino acids or lactic acid) can also be used as substrates for gluconeogenesis (Brockman &
Laarveld, 1986). Glucose produced in the liver is transported to other organs including the brain,
where it is used via glycolysis and oxidative phosphorylation to generate the ATP that powers
energy-requiring cellular processes (Salway, 2004).
In contrast to humans, the ruminant liver does not tend to store fat and thus exhibits very low levels
of fatty acid synthesis (D'Mello, 2000; Nguyen et al., 2008). The increased abundance of fatty acids
in the OVT73 sheep liver may therefore indicate accumulation or altered clearance. Within the group
of differentially abundant metabolites were both saturated and unsaturated fatty acids (see Table 6.1,
P <0.05). Since unsaturated fatty acids in the ruminant diet are not absorbed, higher levels in the
OVT73 liver could reflect mobilisation of stored fat from adipose tissue through lipolysis
(triglyceride breakdown). Lipolysis typically occurs in response to negative energy balance, caused
for example by fasting (D'Mello, 2000). Since both WT and OVT73 sheep used in this experiment
had adequate and equal access to food, this would suggest the existence of a catabolic phenotype in
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the OVT73 animals. To examine this hypothesis further it would be interesting to determine whether
enzymes involved in lipolysis were more active in adipose tissue from the OVT73 sheep than WT.
This could be achieved by real-time PCR assay measuring mRNA levels of hormone sensitive lipase;
a key enzyme that catalyses lipolysis (Salway, 2004). Hormone sensitive lipase in turn is regulated
by insulin (inhibits lipolysis in fed state) and epinephrine (promotes lipolysis in fasted state)
(D'Mello, 2000). It would also be of interest to determine levels of these hormones in blood samples
from the transgenic sheep. Literature indicates that insulin sensitivity may be impaired in HD (Lalić
et al., 2008), potentially explaining why patients are prone to developing diabetes mellitus.
Measurement of blood glucose could also provide insight into the catabolic state of the OVT73
animals.
Alternatively, accumulation of fatty acids in the OVT73 liver could be caused by a failure of fatty
acid β-oxidation (catabolism) to produce acetyl-CoA; the substrate for gluconeogenesis (Salway,
2004). The rate limiting step for initiating β-oxidation is the transport of free fatty acids across the
outer mitochondrial membrane by carnitine palmitoyltransferase (CPT-I) (D'Mello, 2000).
Measuring mRNA levels and/or activity of CPT-I in the liver could provide insight into β-oxidation
function as a potential mechanism for the increased fatty acid abundance seen. Interestingly though,
transport via CPT-I is only necessary for fatty acids with 14 carbons or greater as shorter carbon
chains can diffuse directly across the mitochondrial membrane (D'Mello, 2000). Since one of the
most robust metabolite increases in the OVT73 liver was for dodecanoic acid (C12:0), a defect in
CPT-I is perhaps unlikely. It could however be that inhibition exists further downstream in the
common reactions of β-oxidation. These are catalysed sequentially by fatty acyl CoA dehydrogenase,
enoyl CoA hydratase, 3-hydroxyacyl CoA dehydrogenase and thiolase (Schulz, 1991). Transcription
of these enzymes could be measured in the sheep liver as a next step for this study. Moreover, levels
of the final product acetyl-CoA can be determined in tissue samples by commercially available
enzymatic assay (kits sold by Abcam and Sigma Aldrich).
In prolonged starvation the liver oxidises mobilised fatty acids into ketone bodies which can be used
to generate ATP in skeletal muscle, heart and kidney (D'Mello, 2000). To test whether the OVT73
sheep are operating in a fasted metabolic state, it would therefore be useful to measure the abundance
of ketone bodies, e.g. 3-hydroxybutyrate, acetoacetate and acetone, in the sheep liver. Colorimetric
assay kits are available commercially to measure 3-hydroxybutyrate in a range of tissues.
Interestingly, a ketogenic diet (high in fat but low in carbohydrate) has beneficial effects in epileptic
patients (Bough & Rho, 2007) and has been demonstrated to delay weight loss and improve motor
symptoms in the R6/1 transgenic mouse model of HD (Ruskin et al., 2011). It may be that in HD the
178

Chapter six

Metabolite profiling of the 5 year old OVT73 sheep

body is not able to utilise glucose efficiently, but perhaps can process alternative forms of energy
such as ketone bodies.
The possibility of negative energy balance in the OVT73 sheep is further supported by increased
alanine abundance in the OVT73 liver compared to WT (27.3 % increase, P = 0.017). Alanine is a
primary glucogenic amino acid which operates in a process between muscle and liver known as the
alanine cycle (Salway, 2004). In starvation, muscle produces lactic acid and alanine. Alanine is then
transported to the liver where it combines with 2-oxoglutaric acid to form pyruvate, which can be
used in gluconeogenesis (Salway, 2004).
Interestingly, succinic acid was the only metabolite to show reduced levels in the OVT73 liver
compared to WT (27.2 % lower, P = 0.023). Succinic acid is a key intermediate of the tricarboxylic
acid (TCA) cycle; a series of biochemical reactions occurring within the mitochondria to generate
ATP from acetyl-CoA. Lower levels of succinic acid could reflect a reduction in flux through the
TCA cycle. This could occur if acetyl-CoA was not available as substrate or if the cycle was
inhibited at some point. The only other TCA cycle intermediate detected in the liver GC-MS dataset
was citric acid, which showed no difference in abundance between WT and OVT73 samples. Citric
acid is the immediate downstream metabolite of acetyl-CoA (Newsholme & Leech, 1983), so this
would argue against limited substrate supply. To investigate the relevance of the succinic acid
differential abundance, one could measure the expression of genes encoding enzymes involved in its
synthesis from succinyl-CoA (succinyl-CoA synthetase) and metabolism to fumarate (succinate
dehydrogenase) (Newsholme & Leech, 1983). Commercial assays are also available for determining
succinate dehydrogenase activity. This enzyme is implicated in the post-mortem HD brain (Gu, et al.,
1996; Tabrizi et al., 1999), where its inhibition has been associated with succinic acid accumulation
(Selak et al., 2005) rather than the reduction seen in the symptom-free OVT73 sheep.
Finally, to measure useful energy available in the sheep it would be interesting to measure the ratio
of ATP/ADP in cells from both the liver and brain. This has previously been shown to be reduced in
mitochondrial extracts of knock-in mouse models of HD and a lymphoblastoid cell line derived from
patients (Seong, et al., 2005).
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6.6.1.2. Increased amino acid abundance in the OVT73 cerebellum
In contrast to the liver, differentially abundant metabolites (OVT73 vs. WT) in the cerebellum were
predominantly amino acids (refer to Table 6.1, P <0.05). Amino acid metabolism in the brain is
critical for maintaining homeostasis of neuronal signalling. They are used for general protein
synthesis and during lipid and peptide hormone biosynthesis. Some amino acids/amino acid
derivatives are also neurotransmitters, e.g. glutamic acid, aspartic acid, glycine and GABA
(Newsholme & Leech, 1983). Amino acids reach the brain across the blood brain barrier or as a
result of local protein degradation.
Interestingly, all the significantly increased standard amino acids in the OVT73 cerebellum are
glucogenic (phenylalanine, glycine, serine, cysteine, proline, valine 6, and threonine 7), meaning they
can be used as substrates for gluconeogenesis. Altered levels of this class of amino acids could
indicate that supply of glucose to the brain is insufficient and that proteins are being broken down to
provide an alternative energy source. Supporting this hypothesis, several of the differentially
abundant amino acids are also considered ‘essential’ (phenylalanine, valine and threonine), meaning
they cannot be synthesised in the body and must be obtained through the diet. Although feed intake
has not been compared between WT and OVT73 groups, these animals had equal access to food and
thus the increase in essential amino acids may reflect release during degradation of proteins. Protein
degradation in the brain could also occur simply as part of cell death, although MRI analysis of the 5
year old sheep shows no gross volume loss comparing WT and OVT73 (Morton, et al., 2014).
To further investigate causes of the differential amino acid abundance it would be informative to
measure the activity of enzymes controlling their synthesis/degradation, or levels of metabolites
located immediately up-/down-stream in these pathways. In this regard, it was notable that glycine,
serine, cysteine and threonine were all increased in the OVT73 cerebellum compared to WT
(p<0.05), as the metabolism of these four amino acids is related. As shown in Figure 6.7 below,
through enzymatically driven reactions threonine is metabolised to glycine which is degraded to
serine. Serine can then be deaminated to pyruvate or used to synthesise cysteine.

6
7

Valine was not significant (p<0.05) after removal of poorly replicated cerebellum sample WT1.
Threonine was not significant (p<0.05) after removal of poorly replicated cerebellum sample WT1.
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Figure 6.7 Metabolism of glucogenic amino acids threonine, glycine, serine and cysteine.
Double headed arrows are reversible reactions. Enzymes catalyzing each reaction are italicised. Threonine,
glycine, serine and cysteine were all significantly more abundant on average in the OVT73 cerebellum than
WT (refer to Table 6.1). Pyruvate was not measured in the GC-MS experiment.

It would also be useful to measure the production of more general metabolic endpoints. Urea for
example is a product of amino acid degradation and could therefore be measured to compare the rate
of amino acid catabolism between WT and OVT73 animals. Again, assays are available
commercially to enable quantitative measurement of this metabolite in a range of tissues.
With regard to the potential effects of increased amino acid levels in the OVT73 cerebellum, several
of the differentially abundant amino acids are derivatives or precursors of neurotransmitters. As
mentioned, phenylalanine is a precursor to dopamine, norepinephrine and epinephrine (Newsholme
& Leech, 1983). In addition, glycine is an inhibitory neurotransmitter, while proline and
pyroglutamic acid are derivatives of the excitatory neurotransmitter glutamic acid (Uhlhaas & Lange,
1988). The higher abundance of these amino acids in the OVT73 cerebellum could therefore have
effects on neurotransmission. Excitotoxicity caused by excessive glutamatergic signalling is a
proposed mechanism of pathology in HD (reviewed in Estrada Sánchez et al., 2008). Glutamic acid
was not differentially abundant in any of the 5 year old sheep tissues however, arguing against this
mechanism in the OVT73 animals. Dopamine, norepinephrine and epinephrine were not detected by
the GC-MS method used.
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6.6.1.3. Differentially abundant metabolites in both the OVT73 liver and cerebellum
While different metabolite classes appeared to be affected in the OVT73 liver and cerebellum, a
notable finding was that 2-aminoadipic acid was significantly more abundant in OVT73 samples
compared to WT in both tissues, by 26.3 % and 90.4 % respectively (P <0.05). Moreover, 2aminoadipic acid was also the most significantly altered metabolite in the hippocampus and motor
cortex, where it was more abundant in OVT73 samples than WT by 40.1 % (P =0.082) and 45.8 %
(P =0.076) respectively (refer to Table 6.1).
2-aminoadipic acid is a degradation product of the glucogenic amino acid lysine. Interestingly, it was
recently identified as a potential predictive biomarker for the development of diabetes mellitus, with
significantly increased levels detected in plasma up to 12 years before clinical onset (Wang et al.,
2013). Wang and colleagues hypothesise that 2-aminoadipic acid may signal an up-regulation of
insulin secretion from the pancreas, which is known to occur in early diabetes in order to maintain
glucose homeostasis (Wang, et al., 2013). The proposed role of 2-aminoadipic acid in a metabolic
disorder known to have a high prevalence in HD compared to the general population (Farrer, 1985),
certainly makes it interesting as a potential biomarker of early degeneration in the OVT73 sheep.

6.6.2. Transgene-altered metabolite correlations in liver and cerebellum
A question from this analysis was how the differential abundance of metabolites (OVT73 vs. WT)
might relate to a transgene-mediated disease mechanism. It was considered that insight into the
mechanisms could be gained by examining the co-regulation of metabolites. This was achieved by
generating pair-wise correlations between the abundance of metabolite pairs, with comparison
between WT and OVT73 groups. The use of pair-wise correlations has previously been described as
a method for metabolic fingerprinting, with comparative analysis able to identify specific points at
which regulation is altered in different conditions (Morgenthal, et al., 2006; Weckwerth, 2003).
Pair-wise correlations were first examined between just the metabolites which were differentially
abundant (11 metabolites in liver and 7 metabolites in cerebellum 8). A striking observation from this
analysis was that the abundance of many metabolite pairs were more strongly correlated in OVT73
samples than WT, suggesting they may be more tightly co-regulated. Despite this observation, using
stringent nominal thresholds to search for correlations that were strong (r >0.9) in one group but
weak (r <0.1) in the other, no pair of differentially abundant metabolites were considered to have a
‘transgene-altered’ correlation. Although thresholds used in this analysis were extremely stringent,
8

Only those metabolites which were differentially abundant (P <0.05) after removal of poorly replicated cerebellum
sample WT1 were used in the analysis for ‘transgene-altered’ pair-wise correlations.
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this was deemed necessary to account for the limited statistical power afforded by the small sample
size (6 in each group).
The strengthened correlation of metabolite pair abundances in OVT73 samples was also observed
when correlations were examined between all metabolite pairs (regardless of whether a metabolite
was differentially abundant). This was initially evident through comparing the number of ‘strong’
correlations (r >0.9) in both WT and OVT73 groups. For each tissue (cerebellum, motor cortex,
hippocampus and liver) almost all correlations that were strong in WT were also strong in OVT73,
but overall the OVT73 group had approximately double or more strong correlations than WT overall
(refer to Table 6.2). Thus tightened correlation of metabolite abundances was a general feature of the
5 year old OVT73 GC-MS data. Under environmental or physiological stress, biological systems can
find equilibrium in an altered state (Lopez-Maury et al., 2008; Steuer, 2006). Tightening of
metabolite abundance correlations in the OVT73 sheep could represent such a response.
In light of the difference in number of strong correlations between WT and OVT73 overall, it was
reassuring that there were a large number of ‘shared’ correlations (r >0.9 in both WT and OVT73
groups; refer to Table 6.2). Some of these correlations even held across all 4 of the GC-MS datasets
(e.g. palmitic acid (C16:0) – oleic acid (C18:1) and pentadecanoic acid (C15:0) – myristic acid
(C14:0); refer to section 6.5.4.1). The existence of these ‘shared’ correlations indicated that the
OVT73 metabolic system was not completely disrupted and supported the reliability of ‘transgenealtered’ correlations subsequently observed.
Using stringent thresholds, 9 ‘transgene-altered’ correlations were detected in the liver GC-MS data
and 32 in the cerebellum (refer to Table 6.3). These findings indicated that differences in the
regulation of metabolite synthesis and/or degradation existed in the 5 year old OVT73 animals
compared to WT.
No ‘transgene-altered’ correlations were detected for either the motor cortex or hippocampus using
the applied thresholds. This was in keeping with the lack of differentially abundant metabolites for
these two tissues.
6.6.2.1. Delineation of groups of metabolites with differential correlations
In both the cerebellum and liver data it was noted that some metabolites had a ‘transgene-altered’
correlation with more than one other metabolite. These metabolites were considered to form ‘nodes’
of ‘transgene-altered’ correlations. Their existence suggests that some of the differences observed
may have arisen through a shared mechanism. The subsequent identification of ‘shared’ correlations
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between metabolites which formed nodes of ‘transgene-altered’ correlations (e.g., tyrosinephenylalanine, threonine-phenylalanine, threonine-N-acetyl-glutamic acid) supported this hypothesis,
indicating that these metabolites may be co-regulated. The observation perhaps also explains why
these node-forming metabolites all had ‘transgene-altered’ correlations with common metabolites
(e.g. lactic acid and glutamic acid) (refer to Figure 6.6). Moreover, it was interesting to note that
lactic acid and glutamic acid had a ‘shared’ correlation, suggesting they too may be co-regulated
normally. If this interpretation is true, the cerebellum metabolite correlation data together suggests
the co-regulation of a single set of metabolites in OVT73 samples, which in WT samples are
regulated as at least two separate metabolite groups.
A similar interpretation can be made for the liver, where metabolites which had ‘transgene-altered’
correlations could be broadly separated into a group of fatty acids with ‘shared’ correlations
(dodecanoic acid, oleic acid and palmitoleic acid) and a group of amino acids with ‘shared’
correlations (valine, proline, asparagine, isoleucine and leucine). The two groups were linked
through the significantly strengthened correlation of valine with dodecanoic acid and palmitoleic
acid in OVT73 samples (refer to Figure 6.5).
In some cases, metabolites with a ‘transgene-altered’ correlation were also differentially abundant
(OVT73 vs. WT); for example the 3 fatty acids dodecanoic acid, oleic acid and palmitoleic acid in
the liver (refer to Table 6.1). The ‘shared’ correlations identified between these three metabolites
indicate that their differential abundance (OVT73 vs. WT) may have arisen through a common
mechanism. Based on the data presented, this mechanism may have involved a change in the
regulation of their abundance to a system that is highly correlated with amino acids. A similar
observation was made in the cerebellum GC-MS data where the two differentially abundant
metabolites phenylalanine and cysteine had a ‘shared’ correlation. More commonly though the
abundance of metabolites involved in ‘transgene-altered’ correlations were unaltered individually
(OVT73 vs. WT). Altered co-regulation of these metabolites may be relatively subtle and thus not
have affected their individual abundance. Alternatively, their altered co-regulation may reflect an
important compensatory mechanism allowing for the maintenance of their homeostatic levels.
Further interpretation of the functional relevance of the ‘transgene-altered’ correlations to HD
pathology is difficult because the synthesis and degradation of all metabolites is highly interrelated;
i.e. while the abundance of two metabolites may be strongly correlated/co-regulated, this does not
necessarily mean that they are neighbours in the same biochemical pathway (reviewed in Steuer,
2006). The change in metabolite abundance correlations do however represent a fingerprint of the
physiological state of the OVT73 line compared to WT.
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6.6.3. OVT73 specific metabolite signatures
With regard to the fingerprint provided by the correlation data, a significant outcome from this study
was the ability to predict the transgene status of liver and cerebellum samples based on the
abundance of the metabolites which had ‘transgene-altered’ correlations. Specifically, the variation
contained within the 10 metabolites which had ‘transgene-altered’ correlations in the liver and 11 of
the 19 metabolites which had ‘transgene-altered’ correlations in the cerebellum (refer to section
6.5.4.4) could be used in discriminant analysis to correctly call the transgene status of every sample
within the respective tissues. As groups these metabolite groups can therefore be considered to
represent metabolite signatures of the OVT73 sheep liver and cerebellum samples assessed. This was
an exciting result as the existence of biomarkers which readily distinguish disease from control,
particularly in pre-manifest individuals, is a bottleneck in the testing of therapies to treat HD
(Dunkel, et al., 2012; Henry & Mochel, 2012; Hersch & Rosas, 2011).
To be of use however a biomarker must be robust. The analysis of further samples of similar and
different ages will thus be required to confirm these ‘transgene-altered’ correlations and the
associated metabolite signatures. As a start point, discriminant analysis was performed on GC-MS
data previously generated from 6 month old tissues (refer to Chapter 5). Remarkably, the subset of
11 metabolites that discriminated transgene status in the 5 year old cerebellum could also correctly
call all WT and OVT73 samples in the 6 month old cerebellum. This finding provides evidence that
the OVT73 cerebellum metabolite signature is robust. Time will tell if this signature can be
replicated in further cerebellum samples from animals of the same age and older.
Ultimately, a biomarker of presymptomatic HD will be of most value if it can be measured in live
subjects. For this reason, a discriminant analysis was also performed on GC-MS data collected and
analysed from 40 plasma samples aged 3 years (refer to Chapter 5). This analysis revealed that a
combination of 21 metabolites could correctly predict the transgene status of all 40 samples (refer to
section 6.5.4.5). The identification of a metabolite signature in plasma from symptom free OVT73
sheep is another exciting outcome for this project. Similar to the cerebellum signature, further studies
will now be required to establish whether this signature is robust.
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6.7. Summary and conclusions
The GC-MS experiments performed in this chapter provide evidence that metabolite differences exist
in 5 year old OVT73 sheep compared to WT. Key findings were:
•

Differential abundance of 11 metabolites in the cerebellum and 15 metabolites in the liver
of OVT73 samples compared to WT (P <0.05). This included higher abundance of
pyroglutamic acid and phenylalanine in the OVT73 cerebellum and dodecanoic acid,
nicotinic acid and myristic acid in the OVT73 liver which were significant after
conservative correction for multiple testing (P =0.001).

•

‘Transgene-altered’ correlations of 32 metabolite pairs in the cerebellum and 9 metabolite
pairs in the liver (P <0.05).

•

The correct prediction of transgene status for all 6 WT and all 6 OVT73 cerebellum
samples using a combination of abundance values for 11 metabolites (pyroglutamic acid,
DGLA, tyrosine, cysteine, nicotinic acid, dodecanoic acid, N-Acetylglutamic acid, valine,
phenylalanine, p-Toluic acid and aspartic acid).

•

The correct prediction of transgene status for all 6 WT and all 6 OVT73 liver samples
using a combination of abundance values for 10 metabolites (dodecanoic acid, oleic acid,
palmitoleic acid, lysine, valine, cysteine, proline, asparagine, leucine and isoleucine).

Analysis of metabolite abundance correlations revealed possible regulatory changes alongside the
differential abundance of metabolites. Taken together this analysis suggests metabolic dysfunction is
occurring in the presymptomatic OVT73 sheep. The results form a start point from which hypotheses
may be generated and tested to further elucidate the underlying disease mechanism in this model.
The ability to predict the transgene status of 20 WT and 20 OVT73 plasma samples using a
combination of 21 metabolites measured, was a notable addition to the OVT73 specific metabolite
signatures. A robust biomarker of pre-manifest HD in an easily accessible tissue such as blood could
overcome the bottleneck in therapeutic development for HD which exists due to an inability to
measure outcomes of intervention in real-time. Further studies will now be required to validate all
the metabolite signatures identified through this work.
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7. Chapter seven
Towards a knock-in sheep model of
Huntington’s disease
7.1. Overview
The final experimental chapter of this thesis is a shift in focus from characterising the transgenic
OVT73 sheep line, to describing steps undertaken towards creating the next generation of HD sheep;
a knock-in model.
As highlighted throughout this thesis, animal models are central to Huntington’s disease research.
There are two main reasons for this. First, access to human brain tissue is limited and most often
represents end-stage disease. Animal models provide the opportunity to investigate molecular
processes that precede end-stage. Secondly, animal models are critical for the discovery and
preclinical validation of potential therapies. Thus far, no single animal model of HD has captured all
aspects of the human disorder. It has become apparent that findings from the range of models that
exist must be pooled in order to advance our knowledge and more models that accurately recapitulate
the disease are required for further progress. So what makes a good animal model of HD?
Genetic models are the most relevant for investigating pathogenic mechanisms because HD is a
genetic disease. There are two main classes of genetic model; transgenic and knock-in. Transgenic
models like the OVT73 sheep arise through random integration of copies of an exogenous HD gene
construct (usually derived from the human HD gene) into the host genome, usually following
pronuclear microinjection (Gordon & Ruddle, 1981). This method leaves both endogenous gene
copies intact. Knock-in models refer to modification of part or all of the animals’ endogenous
gene(s). In HD the target for knock-in is generally the CAG repeat, with the wild-type copy replaced
by an expanded repeat tract of pathogenic length. Because knock-in HD models express a modified
endogenous HD gene rather than an integrated copy of the human gene, the expanded repeat is
expressed within its proper context in the genome and therefore at an appropriate spatial/temporal
level (Levine, et al., 1999; Menalled, et al., 2003; Wheeler, et al., 1999; White, et al., 1997). For this
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reason knock-in models are less likely than transgenics to have undesirable, non-specific effects on
the genome.
Motivation for generating a knock-in sheep model of HD is essentially the same as for generating the
transgenic OVT73 sheep. Sheep are a large animal whose body weight and brain complexity is more
similar to humans than many smaller mammals, providing advantages for investigating molecular
mechanisms of the disease and for therapeutic testing. Recognition of the need for large animal
models of HD is reflected in the recent generation of a transgenic mini-pig (Baxa et al., 2013) and
several transgenic monkey models (Kocerha et al., 2013; Yang et al., 2008).
A large animal knock-in model of HD does not yet exist, but would build significantly on current
capability for investigations of HD. A knock-in sheep would also improve upon some aspects of the
existing transgenic OVT73 sheep line. At ~6 years of age the OVT73 sheep do not exhibit diagnostic
neurological symptoms or detectable neurodegeneration, which does limit its application for studies
of short duration. This subtlety is thought to be due to the modest repeat length and relatively low
level of transgene transcript expression, recently reported as 38 % relative to one endogenous
huntingtin allele (HDSCRG, 2013) (Note, in chapter 4 of this thesis expression of the transgene
transcript in the 5 year old sheep cohort was estimated at 54 % of an allele; see section 4.5.2.1). A
knock-in model would address this issue by expressing an expanded CAG repeat in the context of the
endogenous sheep huntingtin gene under its normal regulatory elements.
Knock-in models are more difficult to make than transgenic models because they rely on the rare
occurrence of homology-directed repair (HDR) at a specific genome site in cultured cells. Until
recently the only species where embryonic stem cells had been isolated and routinely propagated was
mice (Evans & Kaufman, 1981), restricting the knock-in approach to this species. Gene-modified
embryonic stem cells are microinjected into an existing blastocyst and implanted into a pseudopregnant female, generating germ-line chimeric offspring (Gossler et al., 1986; Koller et al., 1989).
The efficiency of donor construct integration into embryonic stem cell DNA by this approach is low;
on the order of 1x10-5 (Deng & Capecchi, 1992).
Recently zinc finger nuclease (ZFN) (Kim et al., 1996), transcription activator-like effector nuclease
(TALEN) (Christian et al., 2010) and CRISPR/Cas9 nuclease (Jinek et al., 2012) genome editing
technologies have been developed which significantly improve the efficiency of targeted gene
addition in mammalian cells. Literature describes donor construct integration frequencies of 5 - 50 %
for DNA modifications that range in size from single nucleotide substitutions to 8000 bp using ZFNmediated approaches (Lombardo et al., 2007; Moehle et al., 2007; Urnov et al., 2005). Together with
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cloning techniques including somatic cell nuclear transfer which enable cloning from adult
mammalian cells (Wilmut et al., 1997), these genome editing technologies could enable the
generation of more knock-in models of HD, in species beyond the existing rodent models.
This chapter describes the first steps taken towards the generation of a knock-in sheep model of HD.
Experiments presented include the generation of a donor construct for knock-in and the optimisation
of methods for subsequent transfection and selection of primary sheep fibroblast cells. The
development of reagents and methods was specifically tailored to facilitate knock-in by a zinc-finger
nuclease mediated approach. The first attempt at knock-in is also described. Ultimately, continued
research using the tools generated here will allow for the establishment of an allelic series of stable
knock-in HD sheep fibroblast cell lines. These may be used to study the effects of the HD gene in
vitro and to generate live animal lines through somatic cell nuclear transfer cloning.
The following section (7.2) introduces the theory of ZFN-mediated genome modification. An outline
of the specific research strategy applied in this research is provided within methods section 7.5.

7.2. Zinc finger nucleases
Zinc finger nucleases are recombinant hybrid molecules which combine the DNA-binding domain of
a zinc finger protein with the non-specific nuclease domain of the FokI restriction enzyme, to create
a restriction enzyme with specificity for a select cleavage site (Kim, et al., 1996). Zinc finger
proteins are naturally occurring motifs which bind specific 3 bp DNA sequences. Different zinc
finger motifs can be linked together to specifically recognise a wide range of sequences, the length of
which enables single genomic sites to be targeted. The FokI nuclease domain catalyses non-specific
double stranded breaks in DNA when dimerised (Bitinaite et al., 1998; Smith et al., 2000). A pair of
ZFNs binding specifically to adjacent sites on the genomic region of interest facilitates the
dimerisation of nuclease sites, enabling the now complete FokI enzyme to cause a double stranded
break (DSB) at the target site (Bibikova, 2002; Smith, 1999). The DSB stimulates endogenous DNA
repair mechanisms by either non-homologous end-joining (NHEJ) or homology-directed repair
(HDR) processes. HDR stimulation can be exploited to introduce donor DNA into the cleavage site
in order to modify the gene of interest. Thus co-transfection of a ZFN pair into cells (either as
circular plasmid DNAs or mRNA transcripts), along with a donor construct consisting of the DNA
sequence of interest (flanked by sequence that is homologous to the desired integration site), enables
efficient generation of nuclei containing the gene modification of interest (Figure 7.1).
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Figure 7.1 Zinc finger nuclease mediated homologous recombination.
1. Recipient cells are transfected with plasmid DNA or mRNA coding for two constructs of the zinc finger
nuclease (ZFN) complex as well as the donor DNA carrying the desired mutation. 2. ZFNs are translated by
the cell apparatus, find their target DNA sequence and cause a double-stranded DNA break (DSB) via the
dimerised FokI restriction enzyme site. The ZFN-induced DSB may be repaired by 3. Non-homologous end
joining; where broken ends of the DNA are annealed back together using base-pair overhangs, or 4.
Homology directed repair, where the donor DNA with homology to the break site may be used as the template
for repair via homologous recombination, resulting in its targeted integration into the genome.
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7.3. General Aim
Prepare the reagents and develop the methodology for achieving zinc finger nuclease mediated
targeted integration of a donor construct containing an expanded CAG repeat into the huntingtin
gene of a South Australian Merino fibroblast cell line.

7.4. Specific aims
1. Generate a donor construct containing sufficient homology to ovine huntingtin, a selectable
marker and a pathogenic CAG repeat length.
2. Identify an efficient transfection method and marker selection protocol for use on sheep
fibroblasts.
3. Use the donor construct and specifically designed zinc finger nucleases to introduce the
expanded CAG repeat into the endogenous huntingtin gene.

7.5. Methods
7.5.1. Research strategy
Design of the sheep HD gene ‘donor construct’ carrying an expanded CAG repeat tract and ZFNs
to target the sheep huntingtin gene was undertaken in collaboration with the CompoZr® Custom
ZFN team at Sigma Aldrich (St Louis, USA).
The location of ZFN recognition was recommended to be within 200 nucleotides of the site for
modification; the CAG repeat within exon 1 of the sheep huntingtin gene. Using genomic DNA
sequence previously obtained from South Australian Merino by Dr Suzanne Reid (University of
Auckland) as a reference, the CompoZr® Custom ZFN team designed 16 ZFN pairs meeting this
criteria and validated their cleavage efficiency in cells through a ‘mismatch-specific nuclease assay’
(this assay is described in detail at http://www.sigmaaldrich.com/life-science/zinc-finger-nucleasetechnology/learning-center/zfn-faqs.html. The 3 ZFN pairs with the highest cleavage efficiency as
determined by Sigma Aldrich were provided individually as circular plasmid DNA. The ZFN pair
with the single highest cleavage efficiency (ZFN set 1) was also provided as pooled mRNA
transcripts. Sigma Aldrich report that ZFNs in the form of mRNA transcripts can result in higher
cleavage efficiencies and are less likely to have off-target effects than plasmid DNA (refer to website
above). Recognition sites of these 3 ZFN sets are shown in Figure 7.2 (actual sequences are provided
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in Appendix IV, section 4). All were located immediately upstream of the sheep huntingtin exon 1
CAG repeat. Only ZFN set 1 was used for the experiments described here.

Figure 7.2 Location of zinc finger nuclease recognition sites in sheep huntingtin genomic DNA.
DNA binding sites are shown for each ZFN pair: set 1 (PZFN1, PZFN2), set 2 (PZFN3, PZFN4) and set 3
(PZFN5, PZFN6). All binding sites are located upstream of the huntingtin exon 1 CAG repeat sequence. ZFN
set 1 was used for all experiments described in this chapter (cleaving at position 1490-95 of the 2D636Hdh
reference sequence (see Appendix IV, section 5)).

In order to facilitate homologous recombination, the donor construct required arms >800 bp either
side of the integration site (recommended by Sigma Aldrich). This length encompasses exon 1 of the
sheep huntingtin gene as well as partial sequences of 5’UTR/upstream sequence and intron 1
downstream. Due to the absence of an annotated sheep genome, DNA sequence for the homology
arms was derived from the genomic DNA of a South Australian Merino primary fibroblast cell line
(ID: 2D636). The 2D636 cell line will henceforth be referred to as the ‘sheep fibroblast cell line.’
This cell line was also used as the target for donor construct knock-in (see results section 7.6.5) to
maximise sequence homology and therefore increase the likelihood of integration.
The puromycin N-acetyl-transferase gene (Pac) was included as a selectable marker in the donor
plasmid design to confer resistance to puromycin; an antibiotic which efficiently kills cells by
inhibiting protein translation (Vara et al., 1985). The construct coding for this selectable marker was
synthesised commercially by GenScript (Hong Kong). The 1737 bp fragment was designed to
contain the Pac gene under control of the constitutive Cytomegalovirus (CMV) promoter, with
flanking 34 bp LoxP sites and BsteII restriction enzyme recognition sites cloned into pUC57 vector
(see Appendix IV, section 6 for sequence). LoxP sites were included to allow for removal of the
selectable marker using the Cre-Lox recombinase system (Orban et al., 1992) after identification of
positive integrants. The addition of flanking BsteII sites was to allow for insertion of the synthesised
selectable marker into the donor construct by ligation. The optimal position for the selectable marker
was determined to be within intron 1 of the donor construct, where effects on splicing or gene
function by a LoxP scar should be minimal. BsteII was identified as a unique restriction site in the
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donor construct sequence and was located within intron 1. Hereafter this construct will be referred to
as the ‘CMV-Pac’ plasmid.
An overview of the desired final donor construct design with 5’ and 3’ homology arms, an expanded
exon 1 CAG repeat and CMV-Pac inserted within intron 1 is shown in Figure 7.3.

Figure 7.3 Donor construct design.
The donor construct was designed to have >800 bp homology arms (consisting of 5’UTR/upstream sequence
and intron 1 sequence) flanking an expanded CAG repeat and containing a puromycin selection cassette
(CMV-Pac) inserted within intron 1, flanked by LoxP sites. ATG = start codon.

7.5.2. Sources of DNA
Genomic DNA was extracted from a South Australian Merino sheep fibroblast cell line (ID: 2D636)
as described in General Methods section 2.2.13. CMV-Pac and OvHtt_100Q constructs were
synthesised by GenScript (Hong Kong) and delivered cloned into the pUC57 vector (see Appendix
IV, section 6 and 7 for sequences).

7.5.3. Generation of the donor construct
7.5.3.1. Genomic DNA PCRs for donor construct generation
PCRs undertaken to amplify fragments of the huntingtin gene from sheep fibroblast genomic DNA
were performed as described in General Methods section 2.2.14. Primer sequences for all genomic
DNA PCRs attempted are provided in Appendix IV (section 8). Each PCR product was visualised
following separation by gel electrophoresis (1 % w/v agarose), then purified (AxyPrep PCR Cleanup Kit; Axygen), TA cloned, transformed and plasmid purified as described in General Methods
section 2.2.15. As a result of sequencing PCR products and/or clones a partial sheep huntingtin
genomic DNA sequence was derived. This sequence ‘2D636Hdh’ (provided in Appendix IV, section
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5) will be referred to when describing the location of specific huntingtin gene fragments cloned from
the sheep fibroblast cell line.
7.5.3.2. Ligation of plasmid DNA constructs
Ligation of CMV-Pac insert DNA and OvHttDown plasmid DNA (within results section 7.6.2.1)
was undertaken to generate the ‘OvHttDown-Pac’ plasmid conferring antibiotic resistance. In
preparation for ligation ~1µg each plasmid was digested in a reaction containing NEBuffer 4
restriction buffer, 20U BsteII-HF restriction enzyme (NEB) and water to a final volume of 20 µL.
Digestion reactions were incubated at 37 °C (water bath) for 3 hours, with an additional 2.5U BsteIIHF added each hour. Following digestion, the OvHttDown reaction was immediately incubated with
2.5U calf-intestinal alkaline phophatase (CIP) at 37 °C for 1 hour to prevent re-ligation and then
purified (AxyPrep PCR Clean-up Kit; Axygen). Digested fragments of CMV-Pac were separated by
gel electrophoresis and visualised. CMV-Pac insert (1737 bp) was excised from the agarose gel and
DNA purified (AxyPrep DNA Gel Extraction Kit). CMV-Pac insert and linearised OvHttDown
plasmid DNA were ligated using the Rapid DNA Ligation Kit (Roche) and transformed into One
Shot® TOP10 E. Coli as described in General Methods section 2.2.15. Clones generated were
screened for insert by digestion in reactions containing EcoRI restriction enzyme (Roche), 4 µL
purified plasmid DNA, 10U EcoRI Buffer H (Roche) and water to a final volume of 20 µL.
Reactions were incubated at 37 °C for 1 hour followed by gel electrophoresis and visualisation of
digestion fragments to confirm the presence of insert. Positive cloned were sequence verified.
Ligation of OvHtt100Q insert and OvHttDown-Pac plasmid DNA (within results section 7.6.3.1)
was undertaken to generate the final donor construct plasmid. Each plasmid was first digested with
XhoI and MluI restriction enzymes (New England Biolabs), in reactions containing ~5µg plasmid
DNA, NEBuffer 3.1 restriction buffer, 25U each restriction enzyme and water to a final volume of 50
µL. Digestion reactions were incubated at 37 °C (water bath) for 3 hours, with an additional 2.5U of
each restriction enzyme added each hour, followed by inactivation by incubation at 80 °C for 20
minutes. Digested fragments were visualised following gel electrophoresis. OvHtt_100Q insert (1745
bp) and linearised OvHttDown-Pac vector (6272 bp) were excised from the agarose gel and purified
(AxyPrep DNA Gel Extraction Kit). Ligations were established using the Rapid DNA ligation Kit
(Roche) and transformed into One Shot® TOP10 E. Coli as described in General Methods section
2.2.13.

Clones

were

screened

for

insert

by

CGCCCCTAGTTCTCTCCTG 3’) and Puro_3R Reverse

PCR

with

Prom_15F

Forward

(5’

(5’ AAGTCCCGTTGATTTTGGTG 3’)

primers, spanning the MluI ligation site. Reactions contained 200μM each dNTP, GC buffer, 0.5U
KAPA2G Robust DNA Polymerase (KAPA Biosystems), 5 % DMSO, a single colony picked from
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an LB agar plate and water to a final 25μL volume. Amplification conditions included initial
denaturation for 3 minutes at 95 °C followed by 35 cycles of 95 °C for 15 seconds, 60 °C for 15
seconds and 72 °C for 30 seconds, then final extension at 72° C for 30 seconds.

7.5.4. Cell culture experiments
7.5.4.1. Puromycin dihydrochloride dose-response optimisation
To optimise the selection potential of puromycin dihydrochloride (Life Technologies) in the sheep
fibroblast cell line various concentrations of the antibiotic (specified where relevant) were tested on
both un-transfected cells and cells co-transfected with 500ng CMV-Pac and 500ng GFP plasmid
DNA (humanised EGFP vector kindly donated by Dr S. Reid). Fibroblasts (passage 13) were plated
at a density ~80,000 cells/well in a 24 well cell culture plate (refer to General Methods section 2.2.16
for culture conditions). Transfection was undertaken 24 hours after plating (~70 % confluency) using
X-tremeGENE HP DNA Transfection Reagent (Roche) as detailed in General Methods section
2.2.16.1. Dilutions of puromycin dihydrochloride (hereafter referred to as “puromycin”) were
prepared in full media and added to cells 24 hours after transfection. Cells were monitored by visual
assessment every 24 hours using a Leica DM IL inverted light microscope.
7.5.4.2. Optimisation of Nucleofection™ as a method for cell transfection
Nucleofection™ technology (Lonza) was used for all transfections involving zinc finger nucleases. It
was first necessary to determine which Nucleofection setting would achieve maximum delivery of
plasmid DNA to the sheep fibroblast cell line. Five Nucleofection ‘programs’ are recommended for
use with primary mammalian fibroblasts; programs A-024, T-016, U-012, U-023 and V-013
(Amaxa™ Basic Nucleofector™ Kit for Primary Mammalian Fibroblasts; Lonza). To test the
efficiency of these programs, 5 identical mixtures of 2µg pMax GFP vector (Lonza) combined with
0.75x106 fibroblasts in 100 µL Nucleofector™ Solution (Lonza) were prepared and sequentially
transfected as described in General Methods section 2.2.16.1, then plated and incubated at 37 °C.
After 48 hours the transfection efficiency achieved by each program was assessed by counting the
number of GFP positive/negative cells as visualised using a Nikon Ti-E inverted light microscope.
7.5.4.3. Zinc finger nuclease-mediated knock-in of the donor construct
Mixtures containing donor construct plasmid DNA and ZFN set 1 plasmid DNA or mRNA were
prepared on ice and transfection of 0.9x106 fibroblasts performed by Nucleofection (as per General
Methods, section 2.2.16.1) using optimised program U-023. Puromycin selection was initiated 24
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hours after transfection by replacing non-selective full media with full media containing the
optimised dose of puromycin (0.5 µg/mL). Cells were incubated at 37 °C and closely monitored over
two weeks, with media replaced every 3 days or at passage. Once >90 % confluent, cells in each well
were passaged, frozen for long-term storage or harvested for DNA extraction as described in General
Methods, section 2.2.16.2.
7.5.4.4. PCR screens for detecting targeted integration of the donor construct
PCR was undertaken on DNA extracted from cell-pools, to detect donor construct integration in the
huntingtin gene of the sheep fibroblast cell line. HKIUP_4F (Forward) and HKIUP_4R (Reverse)
primers were used to detect the 5’ terminal integration site. HKI_4F (Forward) and HKIDOWN_4R
(Reverse) primers were used to detect the 3’ terminal integration site. To monitor the presence of the
donor construct in transfected cells (both integrated and non-integrated) PCR was performed with
Exon1_3F (Forward) and Puro_3R (Reverse) primers. All primer sequences are detailed in Appendix
IV, section 9. Amplification reactions for the 3’ integration site and donor construct each contained
0.3 µM Forward and Reverse primers, 200 µM each dNTP, GC buffer, 0.5U KAPA2G Robust DNA
polymerase (KAPA Biosystems), 5 % DMSO, 50ng genomic DNA and water to 50 µL. Cycling
conditions included initial denaturation at 95 °C for 3 minutes, then 35 cycles of 95 °C for 15
seconds, 60 °C for 15 seconds and 72 °C for 1 minute. Amplification reactions for the 5’ integration
site contained 200 µM each dNTP, 0.3 µM Forward and Reverse primers, Expand High Fidelity
Buffer (Roche), 2.6U Expand High Fidelity enzyme mix (Roche), 5 µL DMSO and 100ng genomic
DNA. Cycling conditions included initial denaturation at 95 °C for 5 minutes, then 35 cycles of 95
°C for 30 seconds, 53 °C for 30 seconds and 72 °C for 2 minutes, followed by final extension at 72
°C for 1 minute. Specific PCR products identified after gel electrophoresis were purified (AxyPrep
PCR Clean-up Kit) and sequence verified to confirm correct insertion of the donor construct.
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7.6. Results
The experiments presented in this chapter describe the generation of a donor construct containing an
expanded CAG repeat and its targeted integration into the South Australian Merino 2D636 fibroblast
cell line, facilitated by ZFNs. Focus will first be given to the strategy taken to generate a donor
construct consisting of homologous arms, an expanded CAG repeat and a selectable marker,
including how the initial strategy needed to be modified. The optimisation of methodology for donor
construct and ZFN transfection, and subsequent selection of transfected cells using puromycin
antibiotic will then be detailed. Finally, the ZFN mediated insertion of donor construct into the sheep
fibroblast cell line will be described.

7.6.1. Isolating the huntingtin gene for donor construct generation
To generate the donor construct the first aim was to isolate at least 1600 bp of the huntingtin gene
from genomic DNA of the sheep fibroblast cell line. Ideally, a portion of the huntingtin gene
spanning ~800 bp either side of the exon 1 CAG repeat would have been generated from genomic
DNA in a single PCR then further manipulated to contain an expanded CAG repeat. Unfortunately
though, several attempts at PCR across this region were unsuccessful. Previously, members of this
laboratory have also found the generation of PCR products including both the huntingtin gene
5’UTR/upstream region and exon 1 CAG repeat (both human and ovine templates) to be particularly
difficult. Thus the decision was made to instead adopt a strategy which would avoid PCR across the
CAG repeat region, at least for initial isolation of huntingtin from genomic DNA.
7.6.1.1. Strategy 1: Generate 5’ and 3’huntingtin homology arms with CAG repeat termini
The approach taken was to generate two PCR products that would capture regions upstream (5’) and
downstream (3’) of the CAG repeat respectively and each terminate within the CAG repeat. To
generate these homology arms, CAG repeat Forward and CTG repeat Reverse primers were designed
consisting of either 10 or 20 repeat units each (CAGn10/20 and CTGn10/20). The sheep huntingtin
gene has a CAG repeat of 10-17 units (Jacobsen, et al., 2010), so both primer lengths were expected
to have sufficient homology to anneal to the gene. It was reasoned that through consecutive cycles of
PCR, slippage in annealing position of the repeat primers would result in expansion (and likely some
contraction) of the CAG repeat, which could be resolved as a smeared product following gel
electrophoresis. Members of our laboratory have applied such an approach previously (Jacobsen,
2008). 5’ and 3’ huntingtin products containing expanded CAG repeats could then be isolated by gel
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extraction and cross-annealed via the CAG repeat to form the final donor construct. The approach is
schematised in Figure 7.4.

Figure 7.4 Strategy for generating huntingtin homology arms with CAG repeat termini.
A 5’ huntingtin homology arm could be isolated from sheep fibroblast DNA by PCR using a Forward primer
binding within the 5’UTR/upstream sequence and the CTGn10/20 Reverse primer binding within the exon 1
CAG repeat. A 3’ huntingtin homology arm could be isolated by PCR using the CAGn10/20 Forward primer
and a Reverse primer binding within intron 1. The homology arms could then be cross annealed via their
terminal CAG repeats, generating a donor DNA construct containing an expanded CAG repeat by PCR
synthesis.

PCR performed to generate the 5’ homology arm used a Forward primer (Prom_1F) binding within
the 5’UTR/upstream sequence and the CTGn10/20 Reverse primer. PCR for the 3’ homology arm
used the CAGn10/20 Forward primer and a Reverse primer (Intron1_5R) binding within intron 1.
Unfortunately though, no products were obtained from the repeat primer reactions despite attempts to
optimise PCR conditions.
In an attempt to increase specificity, modified primers CTGext (Reverse) and CAGext (Forward)
were designed to replace the pure repeat CTGn10/20 and CAGn10/20 primers. The modified primers
contained 5 unit long CTG/CAG repeat sequences and extended 10 bp into the upstream/downstream
non-repeat huntingtin sequence to provide a more specific and less GC-rich sequence to facilitate
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annealing. Once products were generated, the 5 unit repeat sequence terminals could act as a
template for extension with the original CTGn/CAGn primers. Again however, products of the
correct size were not obtained despite multiple attempts to optimise the PCR.
7.6.1.2. Strategy 2: Generate 5’ and 3’huntingtin homology arms without CAG-repeat
termini
It is our experience that PCRs on genomic DNA template work less well than with plasmid DNA. It
was therefore postulated that if at least some of the huntingtin gene could be isolated from genomic
DNA without using primers containing CTG/CAG repeats, once cloned the purified product may be
more amenable to PCR with the repeat primers. A strategy was therefore devised to generate 5’ and
3’ homology arms from genomic DNA by PCR using primers which came as close as possible to, but
did not include the CAG repeat.
This approach immediately proved successful, with both 5’ and 3’ homology arm PCR products
readily generated (Figure 7.5). The 5’ homology arm was generated using Prom_3F Forward and
Exon1 _1R Reverse primers and contained part of the huntingtin 5’UTR/upstream sequence and the
first 29 bp of exon 1 (terminating 22 bp upstream of the CAG repeat). The 3’ homology arm PCR
product was generated using Exon1_1F Forward and Intron1_5R Reverse primers. This product
actually spanned the CAG repeat tract, with Exon1_1F being located 24 bp upstream of it and
Intron1_5R terminating within intron 1 (Figure 7.5).
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Figure 7.5 5’ and 3’ Sheep huntingtin homology arms.
The 5’ huntingtin homology arm was generated by PCR on sheep fibroblast genomic DNA using primers
binding within the 5’UTR/upstream sequence (Prom_3F) and exon 1 upstream of the CAG repeat (Exon1_1R)
(expected product size 1594 bp). The 3’ huntingtin homology arm was generated by PCR using primers
binding within exon 1 upstream of the CAG repeat (Exon1_1F) and intron 1 (Intron1_5R)’ (expected product
size 1170 bp). Both PCRs used Expand Hifi DNA polymerase. L = 1Kb Plus DNA ladder (Invitrogen), -D =
standard PCR reaction, +D = standard PCR reaction with 6 % DMSO. Negative PCR controls are not shown.

Purified PCR products were TA-cloned into TOPO2.1 vector and transformed into OneShot®
TOP10 E. coli. After growth overnight at 37˚C, 6 colonies were selected from each transformation.
Restriction enzyme digest of purified plasmid DNA with EcoRI was performed to check for the
presence of insert. Separation of digest fragments by gel electrophoresis showed that all 6 of the 3’
homology arm clones contained the expected 1170 bp insert, while 2 of the 5’ homology arm clones
contained the expected 1594 bp insert.
Sequence verification of the 3’ homology arm clones identified a single clone that was free from
mutation (based on the genomic DNA sequence of other South Australian Merino sheep determined
previously by Dr S. Reid). This clone was designated ‘OvHttDown’ (encompassing nucleotides
1483-2643 of 2D636Hdh reference sequence; see Appendix IV, section 5). Sequencing of further
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clones from this transformation revealed that the fibroblast cell line was heterozygous for the exon 1
CAG repeat, with lengths of 10 and 12 CAG repeats represented in the clones analysed. The
OvHttDown clone contained 10 CAG repeats, resulting in a consensus sequence of 1161 bp rather
than 1170 bp initially predicted based on a repeat length of 13 units.
Sequence verification of the 2 positive 5’ homology arm clones revealed one clone that was free
from specific mutations and therefore suitable for further manipulation. This clone was designated
‘OvHttUp’ (hitting nucleotides 1-1504 of 2D636Hdh reference sequence; Appendix IV, section 5).
A polymorphism identified was the number of units of an 18 bp repeat tract in the sheep huntingtin
5’UTR/upstream sequence. For both 5’ homology arm clones sequenced this repeat tract was found
to consist of 8 units, whilst previous sequencing of genomic DNA from a small number of South
Australian Merino sheep by Dr S. Reid (not including the sheep fibroblast cell line) had reported 13
units (personal communication). It is known however that repetitive sequences can vary in length
between individuals and the work by Dr S. Reid also suggested that this repeat is polymorphic. For
the OvHttUp clone, sequence obtained in both forward and reverse orientations spanned the entire
repeat length and was of good quality, providing confidence that 8 units was the correct repeat
number for this allele from the sheep fibroblast cell line. Because the repeat unit was shorter than
expected the OvHttUp clone consensus sequence was 1504 bp rather than the predicted 1594 bp.

7.6.2. Modification of the ovine huntingtin clones
7.6.2.1. Insertion of a CMV-Pac selectable marker into 3’ homology arm ‘OvHttDown’
The next step was to incorporate the commercially synthesised CMV-Pac cassette into the
OvHttDown clone, for later selection of positive knock-in nuclei. This was undertaken prior to
modifying the CAG repeat to avoid predicted repeat instability during sub-cloning.
OvHttDown (vector) and CMV-Pac (insert) were digested with BsteII restriction enzyme (refer to
methods section 7.5.3.2), ligated using 1:1 and 1:3 Molar ratios of vector: insert and transformed into
One Shot® TOP10 E. Coli (as described in General Methods section 2.2.15). Six colonies were
selected from each transformation (a total of 12) for inoculation and plasmid purification. Figure 7.6
shows the result of EcoRI restriction enzyme digest of the 12 plasmid preps after gel electrophoresis.
As 3 sites for EcoRI exist in the ligated sequence (2 in the multiple cloning site of TOPO2.1 and 1
within CMV-Pac), 2 digestion products were expected for the modified insert.
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Figure 7.6 Restriction digest identified clones containing OvHttDown and CMV-Pac ligation product.
Lanes1-12 show products obtained from EcoRI restriction digest of clones derived from the ligation of
OvHttDown plasmid and CMV-Pac plasmid, following gel electrophoresis. Lanes 4 and 9 show the expected
products of 1223 bp and 1694 bp. Bands at ~3 kb are linearised TOPO2.1 vector backbone. Single bands at
~1.2 kb (without a band at ~1.6 kb) are digested OvHttDown plasmid insert, negative for the ligation product. L
= 1Kb Plus DNA ladder (Invitrogen).

Plasmid DNA’s 4 and 9 contained these digest fragments (Figure 7.6). The sizing of fragments also
demonstrated that CMV-Pac insertion was in the forward orientation for both clones (expected sizes
for forward orientation were 1223 bp and 1694 bp; expected sizes for reverse orientation were 1471
bp and 1446 bp). Single products of ~1.2 kb obtained for the remaining 10 clones are likely the
digested insert fragment of religated 1161 bp OvHttDown clones. Sequencing of the 2 positive
clones confirmed the correct 2891 bp sequence for both. Plasmid 9 was selected for further
manipulation and designated OvHttDown-Pac (spanning nucleotides 1483-2643 of 2D636Hdh
reference sequence, interrupted at position 1952 by CMV-Pac insert). A schematic of this plasmid is
shown in Figure 7.7.
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Figure 7.7 Schematic of the OvHttDown-Pac plasmid.
The OvHttDown-Pac plasmid (6822 bp) contains a ligation product of CMV-Pac insert (1737 bp) and
OvHttDown plasmid. The OvHttDown-Pac sequence (2891 bp) spans nucleotides 1483-2643 of the
2D636Hdh reference sequence (see Appendix IV, section 5), interrupted by the CMV-Pac sequence at
nucleotide 1952. Key regions of the construct are shown including the 10 unit CAG repeat within huntingtin
exon 1, the CMV-Pac sequence and a portion of huntingtin intron 1. The location of XhoI and MluI restriction
enzyme recognition sites used in subsequent downstream cloning steps are also shown.

7.6.2.2. CAG repeat expansion in ‘OvHttUp’ and ‘OvHttDown-Pac’ homology arm clones
Once CMV-Pac was successfully incorporated into the OvHttDown clone, the expanded CAG repeat
mutation could then be introduced. Attempts were made to insert an expanded CAG repeat into both
5’ and 3’ homology arms, with the idea that the homology between repeat units on each arm could be
used to anneal the two clones together to form the final donor construct.
Different approaches were required for OvHttUp and OvHttDown-Pac clones. Since OvHttUp did
not contain any of the CAG repeat it needed to be extended into the repeat tract before expansion
would be possible. Meanwhile, since the OvHttDown-Pac clone already extended through the wildtype CAG repeat it was possible to attempt modification of the CAG repeat directly. It was
anticipated that the cloned huntingtin fragments would be easier to manipulate by PCR extension
than the initial attempts with genomic DNA template.
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7.6.3. Commercial synthesis of an expanded CAG repeat tract
After several unsuccessful attempts at CAG repeat modification for both OvHttUp and OvHttDownPac clones, the strategy for generating a donor construct containing an expanded CAG repeat was
reassessed. Although it had been possible to amplify fragments using modified primers, this process
had also introduced mutations rendering expanded clones unusable. Therefore the expanded CAG
repeat construct was commercially synthesised.
The CAG repeat length for synthesis was chosen as 100 units, with the expectation that this may
contract or expand during sub-cloning. To enable the existing OvHttDown-Pac clone to be utilised
(containing wild-type huntingtin exon 1 and a portion of intron 1 modified by insertion of the CMVPac selectable marker), the sequence for synthesis was designed to extend 436 bp downstream of the
CAG repeat to terminate at a unique MluI restriction site within the cloned CMV-Pac sequence.
To reduce the number of sub-cloning steps and avoid complications of upstream sequence instability,
the synthesised sequence through exon 1 was also extended 1000 bp upstream of the CAG repeat
into the huntingtin 5’UTR/upstream sequence. This length was considered sufficient to act as the 5’
huntingtin homology arm, hence the synthesised sequence would not require ligation back to the
OvHttUp clone (removing the need for the OvHttUp clone altogether). Finally, an XhoI restriction
site was included as the 5’ terminal of the synthesised sequence after being identified as unique
within the 5’ multiple cloning site of the existing OvHttDown-Pac clone. The XhoI site could be
used in combination with MluI to facilitate full insertion of the 100 unit CAG repeat synthesised
DNA into the OvHttDown-Pac clone. The sequence was named OvHtt_100Q (spanning nucleotides
527-1951 of the 2D636Hdh reference sequence, with a 100 unit CAG repeat; refer to Appendix IV,
sections 5 and 7). Figure 7.8 schematises the major components of OvHtt_100Q (Figure 7.8A) and
OvHttDown-Pac constructs (Figure 7.8B), together with the final donor construct that would result
from ligation of their digestion products (Figure 7.8C).
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Figure 7.8 Generation of the donor construct by ligation of OvHtt_100Q into OvHttDown-Pac.
The major sequence components of OvHtt_100Q and OvHttDown-Pac constructs are schematised and the
product of their ligation. A) The OvHtt_100Q construct (1747 bp) is a commercially synthesised sequence
consisting of a 100 unit CAG repeat flanked upstream by 1 kb of 2D636Hdh reference sequence (5’Hdh;
beginning at nucleotide 527 of the 2D636Hdh reference sequence and containing 8 units of an 18 bp
repeating unit), with a XhoI restriction site added at its 5’ termini. Downstream of the CAG repeat the construct
consists of 2D636Hdh sequence through to nucleotide 1951 of the reference, followed by the first 47 bp of
CMV-Pac, terminating with a MluI restriction site. B) The OvHttDown-Pac clone (2891 bp) sequence consists
of 2D636Hdh reference sequence nucleotides 1483 -2643 (3’Hdh), interrupted by insertion of the CMV-Pac
cassette at a BsteII restriction site located at reference nucleotide 1952. The construct contains a CAG repeat
length of 10 units. OvHttDown-Pac is cloned within a TOPO2.1 vector, containing an XhoI restriction site
within its 5’ multiple cloning site. C) Digestion of OvHtt_100Q and OvHttDown-Pac plasmids with XhoI and
MluI restriction enzymes will enable subsequent directional ligation and result in the clone shown. This donor
construct spans 2D636Hdh reference sequence nucleotides 527 – 2643, containing an expanded CAG repeat
of 100 units, interrupted by the CMV-Pac cassette within its BsteII site.
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7.6.3.1. Generation of the final mutant huntingtin gene donor construct
OvHttDown-Pac (vector) and OvHtt_100Q (insert) plasmids were digested to completion with XhoI
and MluI restriction enzymes, (refer to methods section 7.5.3.2), ligations established using 1:1 and
1:3 Molar ratios of insert and either 2μL or 5μL each ligation mixture transformed into One Shot®
TOP10 E. Coli. After 36 hours incubation at 28˚C on Ampicillin selective agar a total of 5 mediumsized colonies were observed to have grown. This included 1 colony from the 1:1 ligation with 5 µL
transformed, 3 colonies from the 1:3 ligation with 5 µL transformed and 1 colony from the 1:3
ligation with 2 µL transformed. All 5 colonies were PCR screened for the presence of insert using
Forward (Prom_15F) and Reverse (Puro_3R) primers which span the MluI downstream ligation site.
Products were separated by gel electrophoresis and visualised. As shown in Figure 7.9, four of the
five colonies were positive transformants. Three of the PCR products (from colonies 2, 4 and 5)
appeared as doublets following gel electrophoresis, perhaps indicating repeat instability.

Figure 7.9 PCR screen of clones resulting from ligation of the expanded CAG repeat into the
OvHttDown-Pac plasmid.
Five colonies (1-5) were screened by PCR using KAPA2G™ Robust DNA polymerase and primers spanning
the CAG repeat and MluI ligation site (Prom_15F Forward and Puro_3R Reverse; expected product size 1628
bp). Four positive bands were detected (lanes 1, 2, 4 and 5). L = KAPA Universal ladder.

Sequencing of minipreps from selected clones revealed that clones 2, 4 and 5 contained 100 CAG
repeats while the remaining positive clone (1) contained a contracted CAG repeat of 61 units (as is
evident on the gel in Figure 7.9). Clone 4 was selected as the final donor construct to be used for
targeted knock-in of the sheep fibroblast cell line. Complete sequencing of the entire 4117 bp
construct confirmed the sequence of this clone to be free from mutation (the complete donor
construct sequence is provided in Appendix IV, section 10).
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7.6.4. Preparation for transfection of the donor construct
Prior to attempting knock-in of the donor construct it was necessary to optimise conditions for
transfection of the sheep fibroblast cell line. This included determining an appropriate dose of
puromycin antibiotic to use for selection of cells expressing the donor construct as well as choosing
an efficient method of transfection.
7.6.4.1. Determining an appropriate dose of puromycin for selection
The optimal dose of puromycin for selection, or the minimum concentration that kills 100 % of untransfected cells, was determined for the sheep fibroblast cell line (the same cell line the
OvHttDown-Pac clone was generated from) through a dose-response experiment. Concentrations of
0.25, 0.5 and 1.0 µg/mL puromycin were applied to confluent fibroblasts in a 24-well cell culture
plate. Cell survival was monitored at 24 and 48 hour time points of puromycin selection, with
qualitative estimates of confluency made by eye at each time point. The survival of un-transfected
fibroblasts was compared to fibroblasts co-transfected with 500ng CMV-Pac plasmid and 500ng
GFP plasmid using X-tremeGENE HP DNA lipofection reagent (refer to methods section 7.5.4.1).
Estimates of confluency for each treatment are provided in Table 7.1, based on the surface area of
each well to which cells were attached. Those cells attached to the surface of the well could be
further subdivided into cells with a healthy elongated morphology characteristic of fibroblasts and
those which were spherical in shape (“round”), likely in a state of senescence induced by puromycin
(Table 7.1). Transfection efficiency using X-tremeGENE HP was estimated at ~30 % for nonpuromycin treated cells, based on counts of GFP positive/negative cells visualised by epifluorescence
microscopy 72 hours post-transfection.
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Table 7.1 Dose response of the sheep fibroblast cell line to puromycin.
Puromycin at doses 0, 0.25, 0.5 and 1 µg/mL was applied to confluent fibroblasts either un-transfected or cotransfected with 500ng CMV-Pac and 500ng GFP plasmids. Estimates of percentage confluency and
composition of the total cell population present were made at 24 and 48 hour time points after puromycin
addition. Composition was defined as the percentage of cells attached to the plastic surface that appeared
healthy (“healthy”) compared to the percentage of cells which were spherical in morphology (“round”).

Puromycin treatment
time (hr)

24

48

Puromycin
(µg/mL)
0
0.25
0.5
1
0
0.25
0.5
1

Un-transfected cells
%
%
%
Confluency healthy round
100
90
85
75
100
70
50
25

100
90
70
40
100
40
0
0

0
10
30
60
0
60
100
100

CMV-Pac transfected cells
%
%
%
Confluency healthy round
100
100
100
75
100
100
95
40

100
90
90
50
100
90
90
60

0
10
10
50
0
10
10
40

Untransfected puromycin treated cells showed a dose dependent reduction in confluency compared
to an untreated control (Table 7.1). For example, cells treated with 1 µg/mL puromycin were 75 %
confluent after 24 hours while cells treated with 0.25 µg/mL puromycin were 90 % confluent (Table
7.1). The survival of all untransfected, puromycin treated cells had declined further at the 48 hour
time point, where confluency ranged from 25 % (1 µg/mL puromycin) to 70 % (0.25 µg/mL
puromycin) (Table 7.1).
As expected, the puromycin dose response differed for the CMV-Pac transfected, antibiotic resistant
cells. Twenty-four hours after puromycin addition (48 hours after transfection), transfected cells
treated with 0.25 and 0.5 µg/mL puromycin were at 100 % confluence (matching the untreated
control) and at 48 hours (72 hours after transfection) there was little change to this (Table 7.1). At 1
µg/mL puromycin however, the confluency of transfected cells declined over the course of the
experiment, being 75 % confluent at 24 hours and 40 % confluent at 48 hours puromycin treatment
(Table 7.1). At 48 hours the majority of transfected cells treated with 0.5 μg/mL puromycin showed a
healthy elongated morphology (90 % healthy, 95 % confluent), whereas at the same dose all
untransfected cells had become spherical in morphology (100 % round, 50 % confluent) (Table 7.1).
Therefore, 0.5 µg/mL was chosen as the puromycin dose for selection of cells expressing the donor
construct (containing CMV-Pac) in subsequent experiments aimed at knock-in (see results section
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7.6.5), acknowledging that these would use the donor construct rather than the CMV-Pac plasmid to
provide puromycin resistance.
7.6.4.2. Testing Nucleofection™ as a transfection method
Although transfection with X-tremeGENE HP lipofection reagent was used for optimisation of
puromycin selection, Nucleofection was recommended by Sigma-Aldrich for transfection of zinc
finger nucleases. Five Nucleofection ‘programs’ (A-024, T-016, U-012, U-023 and V-013)
recommended to maximise transfection of primary mammalian fibroblasts were therefore tested for
transfecting the sheep fibroblast cell line with 2μg GFP plasmid DNA.
All Nucleofection protocols resulted in some cell death and four of the five programs tested gave an
appreciable GFP signal with transfection efficiencies estimated at >50 %. Nucleofection program U023 was observed to have the highest transfection efficiency at ~70 % and transfected cells also
retained a healthy elongated morphology (Figure 7.10). This was an improvement from ~30 %
efficiency observed using X-tremeGENE HP lipofection reagent and so Nucleofection program U023 was selection for further use.

Figure 7.10 GFP plasmid expression following Nucleofection™ of the sheep fibroblast cell line.
Images compare the total number of sheep fibroblasts present in a given view (left) with the number of
fibroblasts in the same view which express the Nucleofected GFP marker (green cells, right). Using
Nucleofection program U-023 (shown), most GFP-positive fibroblasts retained a normal elongated
morphology. Transfection efficiency was estimated at 70 %.
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7.6.5. ZFN-mediated knock-in of the donor construct
With the donor construct made, puromycin selection optimised and transfection methods established,
it was possible to undertake ZFN-mediated knock-in. The sheep fibroblast cell line that was the
source of the donor DNA was used as the target cell line in this experiment to maximise sequence
homology and therefore increase the chance of donor integration.
7.6.5.1. Experimental set up
Literature reports that targeted gene addition with ZFNs works optimally when the donor construct is
present in 10 fold excess of ZFNs (Connelly et al., 2010). The experimental design used was based
on this, although technical limits of the Nucleofection protocol did restrict the total amount (µg) and
volume of DNA able to be transfected. ZFN set 1 was selected for use in this experiment (from the
three ZFN sets obtained; refer to methods section 7.5.1) because assessment by Sigma Aldrich had
shown that it cleaved its target sequence with the highest efficiency. Both plasmid DNA and mRNA
for ZFN set 1 were trialled. The experiment was performed in a 6 well cell culture plate with four
transfection conditions (ZFN-lo, ZFN-m, ZFN-hi and rZFN) and two negative controls (DC and
UT). Amounts of donor construct and ZFN used for each condition are shown in Table 7.2. The fold
difference between donor construct and ZFN input (µg) is indicated. For each transfection condition
~0.9x106 fibroblasts (passage 9) were nucleofected and immediately transferred to a single well of a
6 well culture plate. Cells were monitored for the next two weeks, with qualitative estimates of
confluency made every 24 hours.

Table 7.2 Amounts of donor construct and ZFNs used for transfection of the sheep fibroblast cell line.
Four ZFN transfection (Nucleofection program U-023) conditions (ZFN-lo, ZFN-m, ZFN-hi and rZFN) and two
6

negative controls (DC and UT) were tested in 0.9x10 sheep fibroblasts (2D636 cell line). The amount of
donor construct plasmid transfected in each condition is shown as well as the total amount of ZFN set 1
(individuals ZFNs were used in equal amounts). The fold difference between donor construct and total ZFN
input (µg) is also shown.

Transfection
condition
ZFN-lo
ZFN-m
ZFN-hi
rZFN
DC
UT

donor construct (µg)

ZFN set 1 (total µg)

2.3
7.2
20
4.3
2.3
0

4
0.8
4
4 (RNA)
0
0

donor construct: ZFN
(fold difference)
0.6x
9x
5x
1.1x
NA
NA
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7.6.5.2. Cell survival under puromycin selection
Twenty-four hours after transfection, all wells were estimated to be >60 % confluent and attached
cells appeared healthy in morphology. A large amount of cell death was evident in all wells except
for the untransfected control. More death was apparent for wells containing ZFNs than those without;
indicating that toxicity was caused by both Nucleofection and the ZFNs. Puromycin selection (0.5
µg/mL) was started at this time point (24hr).
After 24 hours puromycin selection (48 hours post transfection), ZFN-lo and ZFN-m treatments
reached confluency and were therefore passaged, with DNA also extracted from a portion of cells to
enable assessment for donor construct integration. The well that underwent transfection with ZFN
mRNA (rZFN) and the two controls wells DC and UT were all ~70 % confluent at this point.
Confluency of ZFN-hi treated cells was lower at ~30 %.
After 48 hours puromycin selection (72 hours post transfection) the confluency of ZFN-hi cells had
increased to 50 %, whilst rZFN and DC conditions had reached confluency and were therefore
passaged. Meanwhile, the un-transfected puromycin treated control had decreased to ~50 %
confluence, with the highest amount of cell death of any of the treatments, as expected. Confluency
of the untransfected control continued to decline over several more days until 100 % cell death was
observed on day 5 of puromycin selection (day 6 after transfection). The slow growing ZFN-hi
treatment reached confluency and was passaged at the same time point.
After passage, the growth of cells for all treatments was notably slower under puromycin selection.
This may have been caused by a reduction in puromycin resistance with loss of transient expression
of the donor construct. ZFN-m showed the fastest growth rate of all the conditions, reaching
confluency again 6 days prior to any of the other treatments. DNA was collected from cell-pools of
all treatment groups once they eventually reached confluency for the second time and the experiment
was concluded (13 days after Nucleofection, 12 days with puromycin selection). In summary, DNA
was isolated from two cell passages for all treatments including the untransfected control. DNA from
a third passage of ZFN-m was also isolated. Each DNA pool was subsequently screened by PCR and
sequencing to detect targeted integration of the donor construct.
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7.6.5.3. PCR screening for targeted gene integration of the donor construct
Three PCR screens were performed on each DNA pool, with the aim of detecting targeted integration
of the donor into the sheep huntingtin gene. Separate PCRs were required to capture the 5’ and 3’
donor recombination sites. Primers for each PCR were designed to span the expected integration
junction (5’ or 3’) so that products would only be generated if homologous recombination had
occurred. A third PCR was performed to detect the donor construct as transfected, to act as a positive
control. A schematic of the annealing position of each primer pair is shown in Figure 7.11.

Figure 7.11 Primer used to screen for donor construct integration.
The donor construct is shown inserted into the endogenous sheep huntingtin gene at the desired location.
PCR primers were designed to detect correct integration of the donor construct at 5’ (blue arrows) and 3’
(purple arrows) integration sites as shown. PCR primers were also designed to detect donor construct (both
integrated and non-integrated) as a positive control (red arrows). Arrow heads pointed right are Forward
primers, arrows heads pointed left are Reverse primers (see text for further details).
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Detection of the donor construct as a positive control
The positive control PCR to detect transfected donor construct was performed using Forward
(Exon1_3F) and Reverse (Puro_3R) primers spanning from exon 1 of the sheep huntingtin gene just
downstream of the CAG repeat, through to the 5’ end of the CMV-Pac construct which is unique to
the donor construct (Figure 7.11, red arrows). As shown in Figure 7.12, a specific product of the
correct approximate size (674 bp) was detected in DNA from all donor transfected cells (ZFN-lo,
ZFN-m, ZFN-hi, rZFN and DC). Although not strictly quantitative, the amount of PCR product
detected for each transfection appeared to decrease after passage, reflecting the loss of non-integrated
donor construct during cell division. Still, detection of donor construct in DNA from cells at passages
2 and 3 suggested that at least some puromycin resistance was conferred by non-integrated copies of
the plasmid even up to day 13, explaining cell survival in the DC control.

Figure 7.12 PCR screen detecting transfected donor construct in the sheep fibroblast cell line.
PCR was undertaken with a Forward primer binding within huntingtin exon 1 (Exon1_3F) downstream of the
CAG repeat and a Reverse primer binding within the donor construct CMV-Pac cassette (Puro_3R). Following
PCR and gel electrophoresis (1 % agarose), bands of the correct size (674 bp) were detected for transfection
conditions ZFN-m (m), ZFN-lo (lo), ZFN-hi (hi), rZFN(r) and the donor control (DC) in DNA from all passages
(1-3) of the sheep fibroblast cell line. C = positive PCR control reaction with 10ng donor construct plasmid
DNA. No-template control (NTC) and wild-type genomic DNA (WT) negative PCR controls showed no
products. L = KAPA Universal DNA ladder.

213

Chapter seven

Towards a knock-in sheep model of Huntington’s disease

Homologous recombination of the 3’ donor construct termini
The next step was to identify whether homologous recombination and therefore integration of the
donor construct had occurred. PCR with a Forward primer (HKI_4F) binding within the CMV-Pac
sequence and a Reverse primer (HKIDOWN_4R) binding within intron 1 of sheep huntingtin was
expected to reveal a unique product if homologous recombination of the donor construct 3’ terminal
had occurred at the correct site (Figure 7.11, purple arrows). PCR with this primer set followed by
gel electrophoresis revealed a product of the expected size (1237 bp) for transfection conditions
ZFN-lo, ZFN-m and ZFN-hi; all of which were transfected with the donor construct. As shown in
Figure 7.13, the 3' homologous recombination product was not readily detectable in passage 1 DNA
but did become visible at passage 2. ZFN-hi demonstrated the most intense PCR band from this
passage. These cells had been transfected with the highest amount of donor construct of any
condition. For ZFN-m where passage 3 DNA was also available, PCR band intensity increased
between passage 2 and 3. Although not strictly quantitative, the increase in intensity likely reflects
the growth and division of puromycin-resistant cells under selection. Cells treated with the ZFN set 1
mRNA (rZFN) had no detectable downstream integration product, nor as expected did the donor
construct only transfection control (DC).

Figure 7.13 PCR screen detecting targeted integration of the donor construct 3’ termini in the sheep
fibroblast cell line.
PCR was undertaken with a Forward primer binding with the donor construct CMV-Pac cassette (HKI_4F) and
a Reverse primer binding within huntingtin intron 1 (HKIDOWN_4R). Following PCR and gel electrophoresis
(1 % agarose), bands of the correct size (1237 bp) were detected from transfection conditions ZFN-m (m),
ZFN-lo (lo) and ZFN-hi (hi) in passage 2 DNA as well for ZFN-m in passage 3 DNA from the sheep fibroblast
cell line. Donor construct plasmid DNA (C), no-template control (NTC) and wild-type genomic DNA (WT)
negative PCR controls showed no detectable products. L = KAPA Universal DNA ladder.
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Sequencing of 3’ integration site PCR products for ZFN-m and ZFN-hi (insufficient DNA was
obtained from ZFN-lo) confirmed that for both sequences integration had occurred at the desired
location. There was an unexpected substitution of an A to G nucleotide at the second to last base of
the donor construct sequence, within intron 1 of both sequences.
Homologous recombination of the5’ donor construct termini
A second PCR was undertaken to confirm the 5’ donor integration using a Forward primer
(HKIUP_4F) binding within sheep huntingtin 29 bp upstream of the donor construct, and a Reverse
primer (HKIUP_4R) binding within the donor construct CMV-Pac cassette (Figure 7.11, blue
arrows). A band of approximately the expected size (1965 bp) was seen in DNA from cells that
underwent ZFN-lo, ZFN-m and ZFN-hi transfection conditions (Figure 7.14, note that the agarose
gel ran on a slight downward angle from left to right which makes these products appear smaller than
the expected size). This result matched findings for integration of the 3’ donor construct terminal
(Figure 7.13). The PCR products were not visible in passage 1 DNA, but did become visible in
passage 2 DNA for ZFN-lo and ZFN-hi transfections. The product for ZFN-m was only visible for
passage 3 DNA. As is evident in Figure 7.14, gel-separated products appeared as double-bands. This
phenomenon may reflect stutter in the way the product has run through the gel due to the formation
of secondary structures by the expanded CAG repeat contained within the PCR products, or possibly
repeat instability within the cell-pools. Again, an integration site PCR product was not observed for
transfection condition rZFN. As expected, donor (DC), no-template (NTC) and wild-type (WT)
controls were all negative for the 5’ integration site PCR product. A non-specific product of ~3 kb
was however detected for the PCR control containing 10ng donor construct plasmid (lane C in Figure
7.14). This product was found via sequencing to correspond only to the donor plasmid sequence.
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Figure 7.14 PCR screen detecting targeted integration of the donor construct 5’ termini into the sheep
fibroblast cell line.
PCR was undertaken with a Forward primer binding within sheep huntingtin 5’UTR/upstream sequence
(HKIUP_4F) and a Reverse primer binding within the donor construct CMV-Pac cassette (HKIUP_4R).
Following PCR and gel electrophoresis, PCR bands of approximately the expected size (1965 bp) were
detected for transfection condition ZFN-lo (lo) and ZFN-hi (hi) in passage 2 DNA from the sheep fibroblast cell
line. A band for transfection condition ZFN-m (m) is also detectable in passage 3 DNA. Bands for each of the
transfection conditions appear as doublets. No template control (NTC) and wild-type genomic DNA (WT)
negative control amplification reactions were negative for a PCR product. The PCR control containing 10ng
donor construct plasmid (C) produced an unexpected band of ~3 kb. L = KAPA Universal ladder.

Sequence verification of PCR products for ZFN-lo, ZFN-hi and ZFN-m confirmed that integration of
the donor construct at its 5’ terminal had occurred at the desired location within the wild-type
huntingtin gene. Sequencing across the CAG repeat revealed a mixed population of CAG repeat
lengths ranging from ~44 to 73 units in length, indicating contractions of the original 100 unit CAG
repeat.
These PCR screens and sequencing provide solid evidence that targeted integration of the donor
construct did occur at the desired location within the sheep huntingtin gene. The establishment of
working reagents and methodology in the form of the donor construct, ZFNs, puromycin selection
and Nucleofection™ as described here is a significant step towards the generation of a knock-in
sheep model of HD. Future directions for this project will be discussed in the section 7.7.3.
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7.7. Discussion
The overarching motivation for the research described in this chapter is the generation of lines of
sheep where the only significant modification is the expression of an expanded CAG repeat within
the endogenous sheep huntingtin gene. These sheep models of HD would complement and
potentially improve on the existing transgenic OVT73 model by increasing expression of the
expanded repeat allele to wild-type levels as well as putting the mutation in its ‘proper’ splicing
context.
The aim of the experiments presented in this chapter was to prepare the tools and methods for
making the second generation HD sheep model. The result was the successful targeted integration of
the donor construct into the huntingtin gene of the wild-type sheep fibroblast cell line. Together this
work provides a proof of principle for ZFN-mediated targeted integration of an expanded CAG
repeat sequence into a primary cell line and is the first step towards the generation of a knock-in
sheep model of HD.

7.7.1. Generation of a donor construct carrying 100 CAG repeat units
Various attempts were made to amplify and clone homology arms either side of the huntingtin exon
1 CAG repeat. This region of genomic DNA has proved difficult to work with previously in our
laboratory (Dr S. Reid, personal communication). Ultimately, a ~1.2 kb downstream fragment
(OvHttDown) incorporating exon 1 of the huntingtin gene and part of intron 1 was amplified, as was
a ~1.5 kb upstream fragment (OvHttUp) (refer to Figure 7.5). A commercially synthesised CMV-Pac
cassette was subsequently inserted into the OvHttDown clone using a unique BsteII site within intron
1, to act as the selectable marker. Sequencing of the resulting clone OvHttDown-Pac confirmed its
integrity.
PCR subsequently undertaken to introduce an expanded CAG repeat tract into these clones was
unfortunately unsuccessful, with all resulting products containing mutations that precluded their use
in the donor construct. This ultimately led to the decision to commercially synthesise the entire 5’
region as a 1747 bp fragment including a 100 unit CAG repeat tract (OvHtt_100Q) and to insert this
into the OvHttDown-Pac clone at convenient XhoI (5’ vector multiple cloning site) and MluI sites
(within the CMV-Pac sequence). This clone constituted the final, mutation-free donor construct
(refer to Figure 7.9). With reagents in the form of the donor construct and ZFN pairs designed to
cleave sheep huntingtin now available, the next step was to attempt ZFN-mediated knock-in of the
donor construct into the wild-type huntingtin gene.
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7.7.2. ZFN mediated knock-in of the donor construct
The knock-in experiment performed was undertaken with the primary purpose of establishing
methodology for the efficient transfection of ZFNs, selection of cells expressing donor construct and
the development of specific PCRs to screen for donor integration.
Prior to this experiment the dose of puromycin antibiotic suitable for selecting positive transformants
was found. This was the minimum dose that would kill all un-transfected cells, but allow cells
containing the CMV-Pac construct to survive and was determined as 0.5 μg/mL (refer to Table 7.1).
The majority of publications report that the efficiency of ZFN-mediated genome editing is
sufficiently high in mammalian cells (~5-50 %) that selection is not required (Lombardo et al., 2007;
Moehle et al., 2007; Urnov et al., 2005). To the best of our knowledge however this is the first
attempt at knock-in of a pathogenic CAG repeat tract into the huntingtin locus. Given the known
toxicity and instability of expanded CAG repeats as well as our inexperience with this technology,
we were unsure of whether knock-in would be as efficient as described elsewhere. Thus the CMVPac selectable cassette was included to increase the chance of detecting integration events. There
was some concern that 0.5 µg/mL puromycin, optimised for the selection of fibroblasts transiently
expressing many copies of the CMV-Pac plasmid, may have been too high for the selection of cells
with a single homologous recombination event. This dose did appear to work well in the knock-in
experiment performed however, resulting in death of all untransfected cells within 5 days, whilst
donor transfected cells (transfected using optimised Nucleofection program U-023) grew for the
duration of the experiment.
Analysis of genomic DNA isolated from the ZFN treated cell-pools by PCR and sequencing revealed
that there had been integration via homologous recombination at the correct site. PCR screening
detected integration of both 5’ and 3’ terminals of the donor construct in the sheep huntingtin gene in
the three ZFN plasmid transfected conditions (ZFN-lo, ZFN-m, ZFN-hi) but not the mRNA derived
ZFN condition (rZFN) (refer to Figure 7.13 and Figure 7.14). The selection effect of puromycin was
apparent by comparing PCR screens of DNA isolated from different cell passages. No integration
site PCR products were detected for any transfection condition in passage 1 DNA, but products were
detected for the ZFN plasmid treated cells in passage 2-3 DNA (refer to Figure 7.13 and Figure
7.14). Reasons why the mRNA derived ZFN treatment did not result in detectable levels of
integration are unclear at this stage. It is possible that the mRNA may have degraded during
shipping/storage (-80 °C for ~ 6 months). Alternatively, conditions for transfection of mRNA may
require further optimisation.
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It was interesting to note that each transfection condition resulted in quite different cell growth
patterns under selection. While ZFNs themselves may have caused some toxicity due to off-target
effects (Cornu & Cathomen, 2010), higher amounts of donor construct also appeared to markedly
slow the growth rate of cells. For example, 48 hours after transfection (24 hours with puromycin
selection) ZFN-lo and ZFN-m conditions had reached confluency, whilst ZFN-hi was only ~30 %
confluent. ZFN-hi and ZFN-lo conditions contained the same amount of ZFN plasmid DNA, but
ZFN-hi contained ~10x more donor construct than ZFN-lo (20µg compared to 2.3µg). The
Nucleofection™ Kit recommends a maximum of 5µg nucleic acid per transfection, so the slowed
growth rate of ZFN-hi cells may have been a result of using more DNA than recommended. The
donor construct itself may also have had adverse effects on cell survival and growth given that
mutant huntingtin expression is toxic to mammalian cells (Saudou, et al., 1998).
At the same time, transfection of the high amount of donor construct for ZFN-hi relative to the other
transfection conditions may have provided an advantage for maximising targeted integration of the
donor construct. Although not strictly quantitative, the signal of the band detected for ZFN-hi in
passage 2 DNA following PCR for both donor terminal integration sites was the most intense of any
of the transfection conditions at this passage, perhaps indicating that more integration events had
occurred (refer to Figure 7.13 and Figure 7.14). Integration efficiency is also sensitive to the ratio of
donor plasmid: ZFN plasma, with donor plasmid greater than 10 fold more abundant proposed to be
optimal (Connelly, et al., 2010). In these experiments, the abundance (µg) of donor plasmid in
condition ZFN-hi was 5 fold greater than ZFN plasmids.
Sequencing of products from the integration site PCRs confirmed that targeted gene integration had
occurred at the desired location. An unexplained finding from sequencing the 3’ donor integration
site was the apparent substitution of an A to G nucleotide in the donor construct sequence, one base
from the 3’ integration site. Previous sequencing of both donor construct and genomic DNA from the
sheep fibroblast cell line had provided no indication of such a polymorphism. It is possible that the
substitution may have occurred during homologous recombination, although perhaps unlikely is that
the same substitution would occur for independent transfections (i.e. both ZFN-m and ZFN-hi).
Further investigation may be required to determine its cause. Since the substitution is located within
intron 1 and is well downstream of the splice site it is unlikely to have functional consequences for
the huntingtin gene.
Sequencing of PCR products for the 5’ integration site indicated that the 100 unit CAG repeat had
become unstable following transfection, with a mixed pool of repeat lengths detected ranging from
~44 to 73 units in length. As PCR on pooled DNA will always favour the generation of products with
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shorter CAG repeat lengths, it is difficult to determine the full range of CAG repeat lengths from this
experiment because clonal lines were not isolated from the pool of transfectants. It will be necessary
to undertake dilution cloning of the remaining cell pool from each transfection condition (currently
stored at -80 °C), and sequence DNA from individual clones to investigate the true range of
integrated CAG repeat lengths.

7.7.3. Future directions
The successful targeted integration of donor construct into the sheep fibroblast cell line constitutes
the first step towards generating a knock-in sheep model of HD. A number of further developments
are now required before animal lines can be created.
In the immediate future it will be useful to quantitatively assess the efficiency of integration events
for the different transfection conditions studied. This could be achieved by real-time PCR and would
help in determining the optimal transfection protocol for ZFN set 1. Additionally, it may be
advantageous to further refine the puromycin dose for selection. It would be desirable to reduce the
population of fibroblasts more quickly using puromycin when donor construct is only transiently
expressed (i.e. in the present experiment it took 5 days for all cells transfected only with donor
construct to die), to enable faster isolation of cells with targeted integration. It is of great importance
to limit the time that the cells are in culture to reduce the chance of unwanted mutations.
The next step in this project is to undertake single cell dilution cloning under puromycin selection
using the cell-pool remaining from each of transfection conditions ZFN-lo, ZFN-m and ZFN-hi. The
aim will be to establish pure clonal cell lines carrying the integrated donor construct. Once
established, it will be possible through DNA sequencing to determine the exact CAG repeat length
carried by each line.
Ideally, multiple cell lines will be established carrying huntingtin exon 1 CAG repeats spanning
wild-type lengths of ~10-20 units through to pathogenic lengths of ~80-120 units. This allelic series
would enable detailed investigation of the function of mutant Htt and its regulation by the
polymorphic CAG repeat in sheep cells. Studies in vitro could also provide direction as to which cell
lines (i.e. CAG repeat lengths) would be most suited to recapitulating the molecular pathology of HD
as we look toward the generation of live animals. Since knock-in of the donor construct has been
targeted to somatic cells, the eventual generation of animal lines will need to be facilitated by
somatic cell nuclear transfer methods (Campbell et al., 1996; Wilmut, et al., 1997). This will be
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discussed further in Chapter 8. Prior to nuclear transfer it will be necessary to remove the CMV-Pac
cassette from the cell line of choice by Cre-Lox recombination.

7.8. Summary
In summary, this research describes the generation of a sheep HD gene donor construct carrying a
pathogenic 100 unit CAG repeat and its integration into the HD locus of a primary sheep fibroblast
cell line. Furthermore, applying methods developed here for transfection and antibiotic selection of
fibroblasts, the experiments presented provide a proof of principle that targeted knock-in of a
pathogenic CAG repeat tract into a primary somatic cell line can be achieved at detectable levels
using zinc finger nucleases. With these molecular tools validated, further work will now be
undertaken in order to generate pure knock-in cell lines and ultimately a live knock-in sheep model
of HD via single cell nuclear transfer/cloning.

221

General discussion

8. Chapter eight
General discussion
8.1. Overview
The overarching objective of the research presented in this thesis was to investigate molecular aspects of
Huntington’s disease (HD) using sheep as a model. Since the study of molecular changes in the HD
brain is limited largely to end-stage post-mortem tissue, animal models have provided an important
source of knowledge regarding the nature and progression of molecular pathology throughout the
disease course. The longevity of sheep and complexity of their brain makes them attractive as a model
for studying molecular mechanisms of HD as a late-onset, progressive neurological disorder. These
factors also make sheep a relevant preclinical system for developing and trialling new therapies.
Results chapters 3 - 6 of this thesis described molecular analyses of the OVT73 transgenic sheep model
of HD. This model expresses full length human huntingtin cDNA driven by 1.1 kb of 5’UTR/upstream
human sequence, with an expanded polyglutamine coding repeat of 73 units in exon 1 (Jacobsen, et al.,
2010). The OVT73 sheep show no diagnostic neurological symptoms, although a disturbance in
circadian rhythm is evident (Morton, et al., 2014). They also show no overt cell loss, although several
molecular changes are observed including the presence of huntingtin-positive aggregates in cortical
tissue (HDSCRG, 2013). As such, the OVT73 sheep model appears to be capturing molecular
progression through the presymptomatic period of HD. Presymptomatic HD is considered a critical
period for therapeutic intervention to prevent cell death and therefore elucidating the molecular changes
that occur in this period is important.
The aim of this research was to look for molecular changes in OVT73 animals compared to WT, in order
to gain insight into the pathogenic mechanism and/or identify biomarkers of presymptomatic HD.
Several approaches were taken, focused on quantitative analysis of mRNA and metabolites and were
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based on published evidence that transcription changes and metabolic dysfunction are features of HD
(Cha, 2007; Mochel & Haller, 2011).
Effects of the HD transgene on gene expression in OVT73 animals were investigated and described in
chapters 3 and 4, using real-time PCR of selected end-stage HD marker genes and RNA-Seq profiling
respectively. Levels of small metabolites in OVT73 sheep tissues and their correlations were examined
through several experiments using gas chromatography-mass spectrometry (GC-MS) as described in
chapter 5 and 6. This research represents the most extensive investigation of molecular changes in the
OVT73 line to date. A large component of the work presented was the development and testing of basic
methodology to facilitate consistent and reliable profiling of the OVT73 line over time. The use of
RNA-Seq and GC-MS as unbiased profiling methods was a key objective because of the opportunity to
identify novel molecular changes relevant to the prodromal phase of HD; the optimal therapeutic
window.
Finally, the first steps towards making a second generation HD sheep; a knock-in model, were outlined
in chapter 7. The aim of this model is to more faithfully represent the function of the HD mutation and to
help fast-track potential therapies into the clinic. The work undertaken was the establishment of the
genetic tools and methodology for generating this model.
The main outcomes from this thesis are summarised and discussed below.

8.2. Major research outcomes
8.2.1. End-stage HD marker genes expression were tested in the OVT73
sheep brain, with some changes identified
The expression of 8 end-stage HD marker genes (BDNF, CNR1, DARPP-32, DRD1, DRD2,
GABAARα1, GFAP and PENK), as well as a proposed early disease biomarker (H2AFY), were
measured in specific brain regions of 6 month and 5 year old OVT73 sheep cohorts using real-time PCR
(Chapter 3). These genes were selected based on evidence that their expression is altered in the postmortem HD brain (refer to Chapter 3, section 3.1 for further details).
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This work revealed significantly higher expression of CNR1 (47 %) and PENK (118 %) in the 6 month
old transgenic anterior striatum compared to wild-type and lower levels of GABAARα1 (25 %), (refer to
Table 3.1). These findings were recently published as part of ongoing characterisation of the OVT73 line
by our laboratory (HDSCRG, 2013) 9. The reduction in GABAARα1 transcript levels was in agreement
with immunohistochemical studies of the same animals performed by S. Patassini (PhD student, UoA),
which identified a statistically significant 14 % reduction in GABAARα1 in the transgenic striatum
(HDSCRG, 2013). Further analysis revealed that CNR1, PENK, DARPP-32, DRD2 and DRD1
transcript expression levels were significantly higher in OVT73 ram samples compared to WT rams by
90 %, 258 %, 187 %, 209 % and 112 %. Meanwhile GABAARα1 and GFAP transcript expression levels
were significantly lower in OVT73 ram samples by 27 % and 38 % respectively (refer to Figure 3.2). As
no significant differences were detected comparing WT and OVT73 ewe samples, it may be that the
transgene had sex-specific effects on the expression of these genes in the 6 month old animals.
These gene expression differences were not detected in a second set of samples from the same brain
region of the 6 month old animals. As discussed in Chapter 3, this may reflect regional variation of
molecular pathology in the OVT73 striatum (refer to section 3.6.2). As the exact anatomical location of
anterior striatum subsamples was not recorded for the 6 month old samples however, this potential effect
could not be resolved. As a result of this experience, the sampling methodology was improved for
analysis of tissues from the 5 year old sheep cohort. It was subsequently revealed that DRD1 relative
expression was significantly higher by 18.8 % in motor cortex samples assessed from 5 year old OVT73
rams compared to WT rams (refer to Figure 3.5). This was in agreement with higher DRD1 expression
in the 6 month old OVT73 ram anterior striatum (subsample set #1) adding weight to the idea that
effects of the transgene on gene expression may be sex-specific. Replication in additional animals will
be needed to confirm this phenomenon as the sex-specific differences identified in both sheep cohorts
were based on comparison of just 2-4 animals. None of the other end-stage HD marker genes measured
were differentially expressed in anterior striatum, motor cortex or frontal pole samples from the 5 year
old cohort, indicating that overall they were not involved in any transgene-related molecular changes in
these animals. Methodological changes may explain at least some of the difference in results for the 6
month and 5 year old anterior striatum analyses and will be discussed in section 8.2.7.1.

9

Note that slightly different p-values are quoted in the Journal of Huntington’s disease article,, due to the use of alternative
software to test for significance (two-way Student’s t-test’s were used in both this thesis and the published article).
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In other models of HD that express full length mutant Htt, findings regarding the expression of the endstage HD markers discussed above are mixed. The YAC128 mouse for example shows decreased levels
of DARPP-32, ENK, DRD1, DRD2 and CNR1 mRNA at 10 months of age, (Pouladi et al., 2012), while
PET scanning of the BACHD TG5 rat reveals reduced binding by the dopamine D2 receptor from 18
months of age (Yu-Taeger, et al., 2012). Meanwhile, BACHD mice at 10 months of age and YAC72
mice at 12 months show no changes in the expression of any of these marker genes compared to wildtype, despite having neurological and behavioural deficits (Chan, et al., 2002; Pouladi, et al., 2012).
Findings from the BACHD and YAC72 mouse models question the relevance of end-stage markers to
the disease phenotype during life, and in turn, their application for assessing the validity of models
which capture presymptomatic stages of the disease.

8.2.2. A sheep brain transcriptome was generated from RNA-Seq data
As reported in chapter 4, RNA-Seq was used as a method for unbiased gene expression profiling. The
primary aim was to generate a large resource of sheep brain specific sequence. This was fulfilled
through the de novo assembly of WT and OVT73 transcriptomes from sheep motor cortex RNA-Seq
data, consisting of ~14,000 annotated transcripts. Since the sheep genome is incomplete and very limited
transcript sequence was publically available at the time, this resource was extremely valuable for RNA
based studies of the OVT73 line, especially since it was specific to South Australian Merino. Data from
this experiment has been used in the design of real-time PCR assays for the sheep and to confirm the
expected sequence of the transgene transcript expressed in these animals (data not presented in this
thesis).
The second aim of this experiment was to identify differentially expressed genes (OVT73 vs. WT) in the
RNA-Seq data. Eight transcripts of interest were identified with apparent differential expression;
however these changes were not validated by real-time PCR. The discordance led to a retrospective
analysis of the RNA-Seq data, which revealed unequal mapping of reads to the transcripts of interest and
suggested that overall the depth of coverage achieved was insufficient for accurate quantification
(discussed in Chapter 4). The small sample size (single WT and OVT73 libraries) also limited the power
to detect differential gene expression. Based on today’s knowledge we would not undertake an
experiment of this design again. However, the experiment was done in 2010 with limited financial
resource and at the time there were very few publications describing quantitative analysis of de novo
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assembled transcriptomes. Indeed, guidelines for basic application of RNA-Seq utilising reference
genomes were just being established (The ENCODE Consortium, 2011).

8.2.3. RNA-Seq analysis of 5 year old sheep confirmed results from realtime PCR analysis of end-stage HD marker genes
As a result of our experience with the 18 month old study, sequencing depth was substantially increased
for the RNA-Seq analysis of samples from the 5 year old cohort anterior striatum (refer to Chapter 4,
section 4.5.2 for details). When the expression of 7 end-stage HD marker genes was examined (CNR1,
PENK, GABAARα1, DARPP-32, DRD2, DRD1 and GFAP), RNA-Seq reads from this dataset were
observed to map across the full length of each transcript with high depth of coverage (>200 reads per
nucleotide on average). Quantitative analysis of the 6 WT and 6 OVT73 samples revealed no significant
differences in the expression of any of these genes. This was in agreement with results for the same
genes as measured by real-time PCR in chapter 3, thereby validating both experiments. Expression of
the HD transgene was also within the range expected of this model (HDSCRG, 2013), at 54 % of an
endogenous sheep huntingtin allele. It will be of great interest to identify genes which are differentially
expressed in the OVT73 samples once the full dataset is analysed. Any validated gene expression
changes will constitute potential biomarkers of presymptomatic HD. These could be further tested in
brain and/or peripheral tissue from HD patients and could also be useful in assessing the effects of any
therapeutic intervention in the OVT73 line.

8.2.4. OVT73 specific metabolite differences were detected in the 5 year
old liver and cerebellum
Disease specific metabolite differences were identified in the OVT73 line (Chapter 6). In the oldest
animals studied (5 years), 15 metabolites were significantly more abundant in the OVT73 liver
compared to WT, while 11 metabolites were significantly more abundant in the OVT73 cerebellum
(p<0.05; refer to Table 6.1). Moreover, despite the small sample size and mixed sex of animals, 5 of
these metabolites showed robust differences which were significant even after conservative correction
for multiple testing. This included higher levels of dodecanoic acid (77.4 %), myristic acid (101 %) and
nicotinic acid (21.1 %) in the OVT73 liver compared to WT and higher levels of pyroglutamic acid 10

10

After poorly replicated cerebellum sample WT1 was removed, the p-value for pyroglutamic acid was 0.0042
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(68.8 %) and phenylalanine 11 (60.6 %) in the OVT73 cerebellum (refer to Figure 6.1). The metabolite
2-aminoadipic acid was also consistently more abundant in the 5 year old OVT73 samples at significant
or close to significant levels across all 4 tissues assessed (cerebellum, motor cortex, hippocampus and
liver; refer to Table 6.1) suggesting a generalised effect. Interestingly, elevated levels of 2-aminoadipic
acid are a proposed preclinical biomarker of diabetes (Wang, et al., 2013). If the same change in this
metabolite was identified in HD patients this would provide a molecular link between the two diseases.
Individuals with HD have been demonstrated to have a higher incidence of diabetes than the general
population (Farrer, 1985). Overall, the detection of these specific metabolite differences in OVT73
samples provides not only potential biomarkers of presymptomatic HD, but also leads from which
hypotheses regarding possible pathogenic mechanisms in the OVT73 line can be generated and tested in
further experiments. Directions for the pursuit of such leads are discussed further in section 8.3.1.
The differential abundance of metabolites (5 year old OVT73 cohort) could also reflect generalised
shifts in the activity of metabolic pathways. Indeed, levels of multiple fatty acids were significantly
increased in the OVT73 liver, while increased levels of amino acids were a feature of the OVT73
cerebellum (Table 6.1). As discussed in Chapter 6, this could implicate the generalised up-regulation of
catabolic processes such as lipolysis in the liver and protein breakdown in the brain, perhaps to
compensate for an underlying cellular energy deficit. Future directions for the investigation of this
hypothesis are discussed in section 8.3.1.

8.2.5. Transgene-altered metabolite abundance correlations were
detected, constituting OVT73 specific metabolic signatures
Variation in metabolite abundance correlations between transgenic and wild-type animals provided a
valuable addition to the search for a metabolic defect in the OVT73 line. Indeed, one of the most striking
discoveries was that many more ‘strong’ metabolite abundance correlations (r>0.9) were evident
between metabolite pairs for 5 year old OVT73 liver, cerebellum, motor cortex and hippocampus tissues
compared to WT (refer to Table 6.2). The finding indicated a general shift in the metabolic state of the
OVT73 animals.
If the strength of a correlation between the abundance of two metabolites reflects their co-regulation, the
increased number of strong metabolite abundance correlations observed indicates that metabolite levels
11

After poorly replicated cerebellum sample WT1 was removed, the p-value of phenylalanine was 0.0056.
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were more tightly regulated in OVT73 samples compared to WT. Due to the small sample size an
extremely stringent significance threshold was imposed to investigate this phenomenon (refer to Chapter
6, section 6.5.4.2). Despite this, 9 metabolite abundance correlations were found to be significantly
stronger in the 5 year old liver OVT73 samples compared to WT and 32 were significantly stronger in
the 5 year old OVT73 cerebellum samples compared to WT (refer to Table 6.3). Lowering the
thresholds would reveal additional significant ‘transgene-altered’ correlations.
Patterns in these ‘transgene-altered’ correlations were evident and to assist with interpretation, ‘nodes’
were defined as metabolites that had a ‘transgene-altered’ correlation (significantly different between
OVT73 and WT) with more than one other metabolite. It was found that different nodes often
overlapped (i.e. two or more node-forming metabolites had a ‘transgene-altered’ correlation with a
common metabolite) and where this occurred the abundance of the node forming metabolites often had a
‘shared’ correlation (strongly correlated to each other in both WT and OVT73 samples). An example of
this in the 5 year old cerebellum was that nodes formed by phenylalanine and tyrosine both had a
‘transgene-altered’ correlation with lactic and glutamic acid (and other metabolites). Tyrosine and
phenylalanine levels were then found to have a ‘shared’ correlation (an excerpt of Figure 6.6 is shown in
Figure 8.1 below to illustrate this). The ‘transgene-altered’ correlation of tyrosine and phenylalanine to
lactic acid and glutamic acid may therefore have occurred through a shared mechanism. In this instance
a ‘shared’ correlation was also identified between levels of lactic acid and glutamic acid, suggesting they
too may be co-regulated (Figure 8.1). Overall, this analysis indicated that the large number of
‘transgene-altered’ correlations may have occurred through a common mechanism, resulting in the coregulation of a single group of metabolites in OVT73 samples (e.g. phenylalanine, tyrosine, lactic acid
and glutamic acid all together), which in WT samples were co-regulated in separate group (e.g.
phenylalanine and tyrosine as one group, lactic acid and glutamic acid as another). Similar interpretation
was made for the 5 year old liver correlation data (refer to Chapter 6).
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Figure 8.1 Overlapping nodes of ‘transgene-altered’ correlations in the 5 year old cerebellum (excerpt).
Metabolites pairs with a ‘transgene-altered’ correlation are shown by red lines (all were significantly strengthened
in the OVT73 group compared to WT). Blue lines indicate a ‘shared’ correlation between two metabolites (r >0.8
in both WT and OVT73 groups). Phenylalanine was also differentially abundant (OVT73 vs. WT, p<0.05) as
indicated by the arrow. Refer to Figure 6.6 for further details.

Further to this, discriminant analysis revealed that the abundance of metabolites with at least one
‘transgene-altered’ correlation could together correctly predict the transgene status (WT or OVT73) of
all liver and cerebellum samples from the 5 year old animals (refer to Chapter 6, section 6.5.4.4). Thus
the correlation data revealed OVT73 specific metabolic signatures. Moreover, the metabolite signature
of the 5 year old cerebellum was also able to correctly predict the transgene status of all samples from
the 6 month old cohort cerebellum, indicating this signature as a potentially robust biomarker of the
OVT73 cerebellum.
Finally, although the 3 year old plasma GC-MS dataset showed no discernible metabolite abundance or
‘transgene-altered’ correlations (Chapter 5), a metabolite signature was also identified in this tissue by
discriminant analysis. Specifically, the variation contained within abundance measurements for a group
of 21 metabolites (4-hydroxy-L-proline, heptadecanoic acid, dodecanoic acid, serine, tyrosine,
methionine, pyroglutamic acid, benzoic acid, arachidic acid, oleic acid, cis-aconitic acid, palmitoleic
acid, arachidonic acid, isoleucine, 2-aminoadipic acid, DHA, glycine, proline, alanine, pentadecanoic
acid and palmitic acid) could correctly predict the transgene status of 20 WT and 20 OVT73 samples
(refer to Chapter 6, section 6.5.4.5).
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The identification of biomarkers of presymptomatic HD, particularly that can be measured noninvasively, is an important tool for the testing of HD treatments. While a number of potential therapies
exist, progress to the clinic remains limited by the ability to measure outcomes of intervention both at
the level of preclinical models and patients (Hersch & Rosas, 2011; Morton & Howland, 2013). The
identification of a metabolite signature for OVT73 plasma, as well as the cerebellum and liver, therefore
represents a significant step for the use of the OVT73 sheep as a model for therapeutic testing. Analysis
of further samples at the same and different ages will now be required to validate these signatures and to
monitor their progression with the disease course. The ability to track molecular changes in the OVT73
sheep over time will be an important determinant of the validity of this model as well as its usefulness
for therapeutic testing.

8.2.6. Is a sheep model relevant for studying metabolic defects of HD?
An intriguing discovery was that metabolite differences were in the liver and cerebellum, but not the
motor cortex or hippocampus of OVT73 samples. This was surprising given that there is more evidence
in literature to suggest molecular changes in motor cortex and hippocampus than liver and cerebellum,
although cerebellar atrophy is reported in juvenile HD (Vonsattel & DiFiglia, 1998). The metabolite
changes revealed in this study may represent the molecular phenotype of HD at a very early disease
stage not previously studied or captured by other models. The OVT73 sheep is a particularly subtle
model, with no diagnostic neurological symptoms in animals as old as 6 years, indicating a long
presymptomatic period. Alternatively, the specificity of metabolite changes to the OVT73 liver and
cerebellum could reflect species differences in the function of these tissues. There are fundamental
differences in the metabolic role of the liver between ruminants and humans. For example, the ruminant
liver synthesises glucose from dietary fatty acids, while in non-ruminants like humans dietary glucose is
supplied directly to the liver (Nafikov & Beitz, 2007). In the fed state, non-ruminants store glucose and
fatty acids as glycogen and triglycerides. In contrast, the ruminant liver does not store glucose or its fatty
acid precursors because the ruminant gut provides a constant supply of fuel to the liver (in the form of
fatty acids) regardless of whether the animal is eating (Nafikov & Beitz, 2007). In non-ruminants the
supply of glucose peaks following a meal and then subsides, meaning fuel must be obtained from stored
sources. Essentially, the ruminant liver relies on gluconeogenesis, while in non-ruminants
gluconeogenesis is only required as energy balance becomes negative (Nafikov & Beitz, 2007). As some
of the differentially abundant metabolites in OVT73 samples are fatty acids (e.g. myristic acid and
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dodecanoic acid in the liver), care needs to be taken in the interpretation of findings since their
metabolism in sheep differs from humans.
Given this known difference in basic metabolic function, a question is whether metabolic changes in the
OVT73 sheep will be relevant to the human disorder. By all accounts, the chemical components of a
metabolite are the same in any organism or tissue and key intermediary metabolic pathways are highly
conserved between species (Smith & Morowitz, 2004). Moreover, while some roles of the liver in sheep
and humans do differ, the ultimate function of both is still to supply glucose to all other organs of the
body including the brain, where it is used as the primary fuel to power energy dependent reactions
(Nafikov & Beitz, 2007).
Like any model of HD, the relevance of molecular changes seen in the OVT73 line will depend on
whether they can be replicated in humans. This is an ongoing challenge for all HD research since access
to brain tissue from patients is limited; particularly from early presymptomatic patients as is being
modelled by the OVT73 sheep. In recent years though, cohorts of patients with pre-manifest and early
HD have been recruited through the TRACK-HD and PREDICT-HD studies. These studies are
providing in vivo brain imaging data and access to large numbers of non-invasively obtained samples
including blood (Paulsen, et al., 2006; Tabrizi et al., 2009). Ideally, the metabolite signatures identified
for the OVT73 sheep (particularly for blood) would also be applicable to these patients. A biomarker
that can be measured non-invasively in both an animal model and patients would undoubtedly help to
fast track suitable therapies for HD to the clinic.

8.2.7. Methodological developments and considerations
8.2.7.1. A standard method for candidate gene quantification in sheep brain tissue was
developed
An outcome of the real-time PCR studies described in chapter 3 was the development of a standardised
method for accurate and consistent measurement of candidate gene expression in sheep brain tissue.
Improvements to the experimental design were made after seeing variation in results from the 6 month
old anterior striatum analysis (discussed in section 8.2.1) and these were applied to the 5 year old cohort.
This included recording the precise anatomical location of subsamples dissected from each brain region
and matching these between animals for real-time PCR analysis, the generation of standard curves for
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expression normalisation from the exact same samples being assessed, as well as tissue specific selection
of the most stably expressed reference gene assays based on a test pool.
Due to limited tissue availability it was not possible to directly assess the effects of these methodological
changes within a single real-time PCR experiment. Interestingly though, expression variation between
animals was lower for each gene measured in the 5 year old anterior striatum samples compared to the
same genes in the corresponding 6 month old samples (refer to Table 3.3 and Table 3.6). While the
lower variation at 5 years could reflect a true biological difference between immature and mature
animals, it could also be a result of the improved methodology used to assess the older sheep.
On a technical note, while real-time PCR has been considered the ‘gold-standard’ for nucleic acid
quantification, it does suffer several limitations, including inaccuracy of normalisation strategies and the
introduction of variability during amplification steps (i.e. in cDNA synthesis and the real-time PCR
assay) (Bustin, et al., 2009; Bustin et al., 2005; Huggett et al., 2005). Recently however, technologies
have been developed that overcome many of these limitations. For example, by utilising a sensitive barcoded probe system the nCounter® analysis system (NanoString Technologies) can detect <1 copy of a
transcript

without

the

need

for

any

amplification

(i.e.

absolute

quantification;

http://www.nanostring.com/products/nCounter). In future, such amplification-free technologies may
supersede real-time PCR as the standard for candidate gene quantification.
In addition to method improvement, there was a further factor that may have affected levels of at least
some of the selected end-stage HD marker genes in the 5 year old sheep samples. These particular
animals all underwent MRI analysis for ~2.5 hours each immediately prior to sacrifice, during which
time they were deeply anaesthetised with ketamine and diazepam. Ketamine is an N-methyl-D-aspartate
receptor (NMDAR) antagonist that blocks glutamate signalling and may also interact with opioid,
monoaminergic, cholinergic, nicotinic and muscarinic receptors (Mion & Villevieille, 2013). Diazepam
is

an

allosteric

agonist

of

benzodiazepine

(GABAA)

receptors,

enhancing

GABAergic

neurotransmission (Mohler, 2011). Given that most benzodiazepine receptor subtypes contain the
GABAARα1 subunit (Roy-Byrne, 2005), that PENK is the precursor of an opioid neurotransmitter
(Hollt, 1986) and that glutamate excitotoxicity is proposed to occur in the HD brain (Estrada Sánchez, et
al., 2008), the potential confounding effects of anaesthesia on any molecular phenotype in the 5 year old
animals needs to be considered.
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Little information is available regarding how rapidly alterations in receptor activity by ketamine or
diazepam might result in compensatory transcription changes in an anaesthetised animal. A microarray
study reports altered expression of 126 transcripts in the cerebral cortex of rats 6 hours after a single
anaesthetic dose of diazepam, including down-regulation of the end-stage HD marker gene BDNF
(Huopaniemi et al., 2004). Similar changes in the 5 year old sheep would undoubtedly confound the
investigation of transgene effects on gene expression and may potentially have affected further
molecular studies of this time point. At least all animals received the same dose relative to body weight
and were anaesthetised for a very similar length of time. To quantify the effects of anaesthesia it would
be necessary to undertake a second experiment comparing gene expression in 5 year old animals, with
half anaesthetised prior to sacrifice and the other half not. In future, anaesthetisation and MRI will not be
performed close to sacrifice on any animals assigned for molecular analysis to avoid any potential
confounding effects.
8.2.7.2. Methods for GC-MS analysis of metabolites in brain, liver and plasma from sheep
were developed
As described in chapters 5 and 6, gas chromatography-mass spectrometry (GC-MS) was used as an
unbiased method for profiling metabolites in a variety of tissues from the OVT73 sheep line.
Deficiencies in the automated analysis pipeline used by the local service provider for identifying and
quantifying metabolites were identified following manual integration, initially undertaken to investigate
reasons for the apparent poor replication of data (refer to Chapter 5, section 5.5.3). The ability to
automate metabolite identification and quantification is crucial for the utilisation of GC-MS as a highthroughput profiling method. An outcome of this study (as a result of collaboration with the service
provider; The University of Auckland Centre for Genomics and Proteomics) was the improvement of the
automated pipeline, which now performs with high accuracy (refer to Chapter 5, section 5.5.5). Since
the composition of metabolites in different tissues varies, quality assessment of the pipelines
performance will need to be undertaken for all new GC-MS datasets. For example, several modifications
to the automated pipeline were required to analyse brain tissue from the 6 month old cohort as compared
to plasma from 3 year old animals (refer to Chapter 5, section 5.5.6.1).
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8.2.7.3. Considerations of the GC-MS methodology
The majority of metabolite abundance measurements from each GC-MS experiment were well
replicated (<33.3 % percentage difference between duplicate measurements), however some samples
were poorly replicated. While technical noise is to be expected, there are still some improvements
required to optimise the approach used. This is particularly so given molecular changes in the OVT73
line are expected to be subtle. It may be that the issue could be resolved by increasing sample numbers.
However, as suggested by the analysis of 40 plasma samples (Chapter 5), the need to split the
preparation and analysis of large sample numbers across multiple experiments may introduce its own
batch-specific variation.
A further concern is that the normalisation strategy used by the service provider to account for
methodological variation in metabolite abundance may introduce noise into the GC-MS analysis.
Currently the CGPM uses just one internal standard; deuterium labelled alanine (d4-alanine), added to
each sample prior to extraction, to normalise the abundance of all metabolites in a sample. This strategy
assumes that all metabolites are extracted equally to the standard. In practise however, the unique
chemical properties of each metabolite including stability, solubility and reactivity, all introduce
variability into the extraction process. This flaw in the CGPM’s method is recognised, but has not been
addressed to date (Smart, et al., 2010).

8.2.8. Steps towards a knock-in sheep model of HD
The final results chapter of this thesis described the introduction of an expanded CAG repeat tract into
the endogenous sheep huntingtin gene. This work constitutes the first steps towards making a second
generation HD sheep model. The reasons for making a new model are for target discovery and
therapeutic testing. It also recognises that the transgenic OVT73 sheep model is limited by the transgene
not being expressed in an endogenous context (i.e. the cDNA is randomly integrated within sheep
chromosome 10) and that the expression level is less than an endogenous huntingtin allele (HDSCRG,
2013). A knock-in model would presumably express the mutant allele at endogenous levels and the
pathogenic CAG repeat tract would be expressed in its true genetic context. The amino acid sequence of
sheep huntingtin is 88 % homologous to the human gene, indicating conserved function between the
species (Jacobsen, 2008). Sheep huntingtin is the only non-primate species recorded to have a pure exon
1 CAG polyglutamine tract (10-17 units) and also contains the exon 1 CCG polyproline tract, thought to
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be an important regulatory element in the human gene (Jacobsen, 2008). Thus overall, it is expected that
sheep will provide a genetically and functionally accurate knock-in model of HD.
The inserted CAG repeat tract was found to be unstable, with lengths of ~44-73 units detected upon
sequencing PCR products from cell-pools containing integrated donor construct (refer to Chapter 7,
section 7.6.5.3). Since PCR favours the amplification of short CAG repeats though, it is likely that
longer tracts are also present within the cell pools. The ideal outcome of this experiment would be the
generation of an allelic series of knock-in HD sheep cell lines expressing CAG repeats ranging in length
from wild-type (~10-20 units) up to pathogenic lengths of ~80-120 units. Within the context of the sheep
huntingtin gene it is likely that CAG repeat lengths in this pathogenic range will allow for a model of
HD with progressive molecular changes and subtle behavioural deficits in its lifetime, including capture
of a presymptomatic phase. The next steps for this project will be discussed in section 8.3.4.

8.3. Future directions
8.3.1. Pursue leads from the GC-MS studies
Following the detection of OVT73 specific metabolite changes, a key future direction is the generation
and pursuit of hypotheses based on these leads.
It would be of immediate interest to measure the abundance of the 5 metabolites which showed robustly
higher levels in the 5 year old OVT73 samples (myristic acid, dodecanoic acid and nicotinic acid in
liver; phenylalanine and pyroglutamic acid in cerebellum) in similar tissues and/or blood samples from
HD patients. This could be achieved by targeted mass spectrometry, or in some cases the use of
commercially available assays. The increased abundance of phenylalanine and pyroglutamic acid in the
OVT73 cerebellum is of particular interest given that excess levels of each metabolite results in
disorders with a neurological phenotype; phenylketonuria and 5-oxoprolinuria respectively (Kumar &
Bachhawat, 2012; Mitchell, et al., 2011). Detection of increased levels of either metabolite in patients
could therefore provide a biomarker that correlates with neurodegeneration. As progression of
phenylketonuria can be managed by dietary restriction of phenylalanine (Mitchell, et al., 2011), high
levels in HD patients would also provide a tantalising treatment prospect. Alkali substances and
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antioxidants (vitamin C and E) have also been shown to improve the prognosis of individuals with 5oxoprolinuria (Njålsson, 2005).
To investigate the underlying cause of differential metabolite abundances seen it would be interesting to
measure the activity and/or expression of the enzymes which generate and degrade them; for example,
phenylalanine hydroxylase which catalyses the conversion of phenylalanine to tyrosine (Newsholme &
Leech, 1983), and 5-oxoprolinase which catalyses the formation of glutamate from pyroglutamic acid
(Larsson, 1995). This may provide insight into whether differential abundance reflects altered activity of
the metabolites source or sink. If precursors or products of the differentially abundant metabolites were
also examined (e.g. tyrosine as the product of phenylalanine), this may further help to pinpoint effects of
the HD transgene. Information about the overall catabolic state of the OVT73 sheep could also be
obtained through analysis of general markers such as urea (a waste product of amino acid degradation)
and ketone bodies (markers of a fasted metabolic state).
Specific hypotheses could be tested using in vitro cell based systems. For example, the effect of excess
levels of each differentially abundant metabolite on cell health could be tested individually and/or in
combination. It would be interesting to identify ways in which to stress the OVT73 system so that
progression of the existing molecular phenotype may be sped up. In turn, one could then look for factors
that slow or prevent progression of the molecular phenotype.

8.3.2. Continue molecular analysis of the OVT73 sheep model
In order to understand the progressive nature of HD, a long-term objective is to monitor molecular
changes in the OVT73 sheep as it ages. A next step will therefore be to apply the methods developed in
this thesis to further samples and look for OVT73 specific changes. The next OVT73 line harvest is
scheduled to occur in August 2014 and will be the largest to date; consisting of 12 WT rams and 14
OVT73 rams aged 6 years. This number of samples, as well as being a single-sex cohort, should provide
ample power to detect molecular differences in the OVT73 line.
To investigate differential gene expression in these samples I would perform RNA-Seq to high depth
(>50 million reads per animal) on specific brain tissue regions (e.g. striatum, motor cortex and
cerebellum) and peripheral tissues such as liver. Mapping of the RNA-Seq reads could be undertaken
using the deeply sequenced sheep brain reference transcriptome currently being assembled from South
Australian Merino brain and liver tissue (refer to Chapter 4, section 4.5.2). The expression of specific
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genes of interest could then be confirmed using NanoString technology. Metabolite analysis of these
samples could be undertaken using the same GC-MS method as used for the 5 year old sheep cohort,
with investigation for differential metabolite abundance and ‘transgene-altered’ correlations of
metabolite abundance. It would be of particular interest to see if the metabolite signatures identified for
the 5 year old cerebellum and liver could be extended to the 2014 harvest cohort.
In addition to gene and metabolite studies, harvested OVT73 tissue samples are also used for the
analysis of transgene expression, candidate protein studies (immunohistochemistry and recently iTRAQ
proteomics), detection of inclusion bodies and most recently the study of synaptosome composition
(Professor Marian DiFiglia, Massachusetts General Hospital). Further research on live OVT73 animals
includes ongoing behavioural testing such as the measurement of sleep-wake cycles (Professor Jenny
Morton, University of Cambridge) as well as a therapeutic trial examining the distribution and efficacy
of mutant Htt knock-down by RNAi (Dr Neil Aronin, University of Massachusetts).

8.3.3. Integrate OVT73 line molecular datasets
As more molecular analyses of the OVT73 sheep are undertaken, it will become important to integrate
information from different datasets in order to gain a complete overview of the OVT73 system. We
currently have the capacity to compare results from end-stage HD marker gene and protein expression
experiments, since similar sets of candidate genes/proteins have been assessed in the same sheep cohorts
(immunohistochemistry performed by S. Patassini). At present both methods suggest reduced striatal
GABAARα1 expression as the most consistent change at 6 months old age (HDSCRG, 2013).
Immunohistochemical analysis of the 5 year old cohort has also revealed reduced GABAARα1 staining
in the OVT73 dorsal striatum compared to WT (35 %, p =0.04) and reduced DARPP-32 reactivity in the
OVT73 putamen (30 %, p = 0.01) (S. Patassini, unpublished data). Interestingly, a 33 % reduction in
striosome volume has also been seen in the caudate nucleus of the 5 year old OVT73 animals (S.
Patissini and S. Murray, unpublished data). As reported in Chapter 3, the transcript level of the genes
described above was not altered in the 5 year old OVT73 anterior striatum. Immunohistochemistry is
advantageous in that it is able to reveal regional variation within sections that contain the whole
striatum, while the transcript expression studies described in this thesis were limited to subsample
homogenates.
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It may also be possible to integrate data from the transcriptomic (RNA-Seq) and metabolomic (GC-MS)
datasets. For example, having identified significantly higher abundance of phenylalanine in the 5 year
old OVT73 cerebellum by GC-MS, the expression of genes regulating its abundance, such as
phenylalanine hydroxylase, could be examined in the RNA-Seq data from this cohort (although the
available RNA-Seq data is from anterior striatum). Gene expression changes seen in RNA-Seq data
could also be compared to protein changes in proteomics data (an iTRAQ experiment recently
performed by S. Patassini). Similar comparative studies of transgenic mice (R6/2) have shown little
concordance in individual gene/protein expression changes, but do suggest substantial overlap at the
level of pathway alterations (Zabel, et al., 2009).
A further use of the omics datasets would be to map gene/protein/metabolite levels to single nucleotide
polymorphism (SNP) genotype data which has been generated from a large number of OVT73 sheep,
including the 5 year old cohort. Molecular changes would ultimately map to the HD transgene locus, but
may also reveal genetic modifiers; genes whose natural polymorphisms contribute to a given molecular
or behavioural phenotype. While much of the variation in age at onset of HD can be attributed to CAG
repeat length, ~30-40 % of the remaining variation is estimated to be due to other heritable factors
(reviewed in Gusella & MacDonald, 2009). Such modifiers in the OVT73 sheep could become
therapeutic targets, although validation in the human genome would first be necessary.

8.3.4. Generate a knock-in HD sheep model
The successful integration of an expanded CAG repeat tract into the huntingtin gene of a sheep
fibroblast cell line mediated by zinc finger nucleases was an exciting conclusion to this research. The
ultimate aim of this project is to generate a knock-in sheep model for investigating HD.
The immediate next step will be to establish pure clonal cell lines carrying the integrated donor
construct. As discussed in Chapter 7, this will require single cell dilution cloning under puromycin
selection. Ideally an allelic series of cell lines will be generated, with CAG repeat tracts ranging from
wild-type (~10-20 units) to pathogenic lengths sufficient to cause juvenile onset HD in humans (~80-120
units) (Nance & Myers, 2001).
Given the instability of expanded CAG repeats and their toxicity within the context of the HD gene,
generating cell lines expressing a long polyglutamine repeat tract may prove challenging. A second issue
which may also limit the approach is the underlying viability of the sheep fibroblast cell line. Our
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experience is that primary fibroblasts generally become senescent within 20 passages. ZFN-mediated
knock-in of the donor construct in this thesis was undertaken on passage 9 fibroblasts, with 1-2 passages
made during the course of the experiment. Given that growth was under puromycin selection though,
with a large amount of cell death, the surviving puromycin-resistant cells are likely much ‘older’ than
passage 10/11 and potentially nearing senescence. It is of great importance to minimise the time that
transfected cells are in culture to prevent unwanted DNA mutations. In order to allow for the
establishment of cell lines within an appropriate time-frame it may be necessary to repeat the
experiments described in Chapter 7 using fibroblasts at a lower passage. Additionally, the experiment
could proceed to single cell dilution cloning earlier, without a prolonged period of puromycin selection
on the mixed pool. Indeed, literature does suggest that the efficiency of ZFN-mediated genome editing is
sufficiently high that selection for positive integrants is not required at all (Urnov et al., 2010).
If a highly efficient protocol for integration of the HD gene donor construct was developed, it would
ideally be possible to proceed directly to knock-in within an embryo, rather than persisting with somatic
cells. This approach has been proven in rats and mice, where ZFN-mediated targeted gene addition of
various constructs into 1 cell embryos resulted in 2.4 - 25 % of foetuses/pups positive for gene addition
(Cui et al., 2011). Although ZFN technology was used in this thesis, newer genome editing technologies
such as TALENs and the CRISPR/Cas9 (CRISPR-associated) system may provide higher efficiency
compared to ZFNs (Gaj et al., 2013; Sander & Joung, 2014; Sun & Zhao, 2013). If high efficiency
and/or specificity of HD gene donor construct knock-in is not able to be achieved using ZFNs, we may
trial TALENs or CRISPR/Cas9 systems as alternatives to generate the knock-in HD sheep model.
For any primary somatic knock-in cell lines established, it will be important to determine gene and
protein expression levels of the knock-in allele. If the construct has integrated as expected, expression
should be at wild-type levels. While most knock-in cell lines are expected to be heterozygous for the
mutation, it is also possible that homozygous lines could be identified. It may subsequently be possible
to detect molecular phenotypes in the knock-in HD sheep cell lines. For example, one could examine
cell

morphology

and

Htt

localisation

(including

aggregates

and

interaction

with

other

proteins/organelles), the ATP/ADP ratio or perhaps the response of cells to toxic stimuli through in vitro
experiments. This may help decide which expanded repeat length(s) is suited to generate live knock-in
HD sheep. Before finalising a cell line(s) to use, it will be necessary to remove the puromycin selection
cassette (CMV-Pac) from the integrated construct using Cre-Lox recombination (Sauer & Henderson,
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1988). It will then be prudent to carry out whole genome sequencing in order to interrogate the donor
construct integration site and attempt to identify any off-target effects.
Generating a live flock of knock-in HD sheep from an adult primary cell line will require the use of
somatic cell nuclear transfer (SCNT). Briefly, SCNT involves transfer of a somatic cell nucleus in
growth phase G0 (e.g. from a knock-in HD sheep cell) into the cytoplasm of an enucleated oocyte.
Within the oocyte, the diploid somatic nucleus is reprogrammed by endogenous cytoplasmic factors to
become a zygote. This zygote can then be cultured to blastocyst stage before being implanted into the
uterus of a surrogate mother and developed to term. SCNT has been applied successfully to a number of
mammalian species, including sheep (Wilmut et al., 2002; Wilmut, et al., 1997). Efficiency of the
method is low however, with just 0-4 % of reconstructed embryos developing to term and high neonatal
mortality (reviewed in Wilmut, et al., 2002).
The generation of an experimentally useful flock of knock-in HD sheep will clearly be a challenging,
long-term project. Our prior experience with the logistics of managing and maintaining the transgenic
sheep model of HD should mean however that the generation of cohorts for analysis will be
comparatively fast-tracked. The experimental methodology developed here and in work outside of this
thesis for molecular and behavioural assessment of the OVT73 line will also be directly applicable to a
knock-in model.
It should be reiterated that a knock-in HD sheep would be complementary to the existing transgenic
OVT73 sheep model. While placing the HD mutation in its correct genetic context provides advantages
for studying the true mechanism of the disease, the OVT73 line has a unique advantage in that the
transgene is derived from a human patient and contains 3 SNPs known to co-segregate with the disease
allele in three quarters of the HD population (HDSCRG, 2013; Pfister, et al., 2009). Therefore unlike a
future knock-in HD model, huntingtin knock-down strategies can be applied to the OVT73 line.
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8.4. Concluding remarks
The research described in this thesis has revealed OVT73 specific differences in metabolite abundance
and correlations of metabolite abundance, including signatures that can distinguish OVT73 cerebellum,
liver and plasma samples from wild-type. The findings indicate progression of disease in the OVT73
model and further studies are now required to determine their functional significance. At best, the
metabolite differences may represent important pathways in the presymptomatic human condition and
could be therapeutic targets or biomarkers.
Finally, the targeted integration of a pathogenic length CAG repeat into the huntingtin gene of a primary
sheep fibroblast cell line in this research is the first step towards generating a knock-in HD sheep model.
A genetically precise knock-in sheep model would complement the existing transgenic OVT73 line and
build on our capacity to investigate all aspects of HD. We envisage that both models will enable a better
understanding of molecular events which initiate the life-long pathogenic process of HD and provide
relevant models to fast track useful therapies to the clinic.
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Appendix I
1. Real-time PCR assays for candidate reference genes tested for the 5 year old cohort (Table).

2. LightCycler® 480 amplification curves for the 9 end-stage HD marker genes assessed by
real-time PCR.

3. LightCycler® 480 amplification curves for RPS18 and EIF4A2 reference gene assays used
for relative quantification of HD marker gene expression in the 6 month old cohort.
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1. Real-time PCR assays for candidate reference genes tested for the 5 year old cohort
Candidate reference genes for which real-time PCR assays were tested included beta-actin (ACTB), beta-2-microglobulin (B2M), calnexin (CANX), cyclin
D1 (CCND1), eukaryotic initiation factor 4A2 (EIF4A2), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hydroxymethylbilane synthase (HMBS),
ribosomal protein S18 (RPS18) and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide (YWHAZ). Forward and
Reverse primer sequences for each assay tested are shown and the corresponding Universal probe number. The location of assays within the human
gene homologue is described along with the NCBI accession number of bovine/ovine reference sequences. bp= predicted amplicon size in base pairs.

Forward primer
(5’ – 3’)

Reverse primer
(5’-3’)

Universal
probe #

ACTB
ACTB
B2M
CANX

caaggccaaccgtgagaa
ccctggagaagagctacgag
cagacctgtctttcagcaagg
ggaactctgtcagggtggatt

gtacatggcaggggtgttg
catgtgcagcagctcgtc
atccttgctgttgggagtga
tcatttcatctacctcccattttc

115
122
123
142

Assay location
(based on human
homology)
exon 3/4 (intron spanning)
exon 4 (non-intron spanning)
exon 2
exon 3/4/5 (intron spanning)

CCND1
Eif4A2

tcgaagatgaaggagaccatc
ggggcatctatgcttatggtt

catgtgcagcagctcgtc
tcgtcccacacccttaattg

58
135

exon 2/3
exon 3/4 (intron spanning)

GAPDH

caacagcgacactcactcttct

tgacaaagtggtcgttgagg

45

exon 9 (non-intron spanning)

GAPDH
HMBS
HMBS

agcgagatcctgccaaca
cttgccagagaagagtgtggta
agtctgaatggcgcagagac

tggactccaccacgtactca
tccaggtgtgggaactttct
tcatgctggacagggacat

159
26
157

exon 5/6 (intron spanning)
exon 8/9 (intron spanning)
exon 14/15 (intron spanning)

RPS18
YWHAZ
YWHAZ

tccagcacatcttgcgagta
cgctacttggctgaggttg
tgagattctgaactcccctga

tcgtcccacacccttaattg
aaaagcttcttggtatgcttgc
tggcttcatcaaatgctgtc

70
9
108

exon 2/3 (intron spanning)
exon 7/8 (intron spanning)
exon 7/8 (intron spanning)

Gene

Bovine/ ovine NCBI accession
number
NM_001009784.1/NM_001009784
NM_001009784.1/NM_001009784
NM_001046273.2/NM_001009284
NM_001105612.1
/XM_004008385.1
NM_001046273.2/XM_004019730.1
NM_001034044.2
/GAAI01000515.1
NM_001034034.2
/NM_001190390.1
NM_001034034.2/NM_001190390.1
NM_001046207.1/XM_004016091.1
NM_001046207.1
/XM_004016091.1
NM_001033614.2/XM_004018745.1
NM_174814.2 /NM_001267887.1
NM_174814.2 /NM_001267887.1

bp
64
96
74
97
90
94
68
60
78
68
89
81
62
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2. LightCycler® 480 amplification curves for the 9 end-stage HD marker
genes assessed by real-time PCR
A) BDNF; B) CNR1; C) DARPP-32; D) DRD2; E) DRD1; F) GABAARα1; G) GFAP; H) H2AFY and I) PENK.
Curves shown represent one +RT sample as well as pooled –RT and NTC samples (all in triplicate and dilute
1:10) as assessed by real-time PCR in the 6 month old cohort (all examples are from the anterior striatum with the
exception of BDNF and H2AFY which are from frontal pole). The crossing point of +RT samples (indicated in A)
was generally more than 10 cycles prior to negative controls (-RT/NTC as indicated in A). Green lines visible
represent negative control wells which were not detectable above the set threshold of fluorescence (y-axis).
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3. LightCycler® 480 amplification curves for RPS18 and EIF4A2 reference
gene assays used for relative quantification of HD marker gene
expression in the 6 month old cohort
A) Amplification curves for RPS18. B) Amplification curves for EIF4A2. Amplification curves shown
are for all fourteen +RT 6 month old samples (frontal pole data shown) as well as pooled –RT and NTC
samples (all in triplicate). The crossing point of +RT samples (indicated) was more than 10 cycles prior
to negative controls (indicated). For EIF4A2 all negative controls were undetectable above the set
threshold of fluorescence, as shown by green lines.
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Appendix II
1. CGPM Metabolite Reference Library (165 compounds).

2. 32 known metabolites detected for the 18 month old plasma GC-MS experiment using the
original automated pipeline.

3. Known metabolites detected for the 3 year old plasma GC-MS experiment.

4. 54 known metabolites detected for the 6 month old liver GC-MS experiment using the new
automated analysis pipeline.

5. 58 metabolites detected for the 6 month old cerebellum GC-MS experiment using the new
automated analysis pipeline.

6. 57 known metabolites detected for the 6 month old motor cortex GC-MS experiment using the
new automated analysis pipeline.

7. Pair-wise metabolite abundance correlations:
a) ‘Shared’ metabolite abundance correlations (r>0.9/<-0.9 in WT and OVT73) in the 3 year
old plasma GC-MS dataset (Table).
b) ‘Shared’ metabolite abundance correlations (r>0.9/<-0.9 in WT and OVT73) in the 6
month old liver GC-MS dataset (Table).
c) ‘Shared’ metabolite abundance correlations (r>0.9/<-0.9 in WT and OVT73) in the 6
month old cerebellum GC-MS dataset (Table).
d) ‘Shared’ metabolite abundance correlations (r>0.9/<-0.9 in WT and OVT73) in the 6
month old motor cortex GC-MS dataset (Table).
e) ‘Shared’ metabolite abundance correlations (r>0.9/<-0.9 in WT and OVT73 across 6
month old tissue (liver, cerebellum, motor cortex) and 3 year old plasma GC-MS datasets
(Table).
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1. CGPM Metabolite Reference Library (165 compounds)
10-heptadecenoic acid (C17_1n-7t)
10-pentadecenoic acid (C15_1n-5c)
11,14,17-eicosatrienoic acid (C20_3n-3,6,9c)
11,14-eicosadienoic (C20_2n-6,9c)
13,16-docosadienoic acid (C22_2n-6,9c)
1-aminocyclopropane-1-carboxylic acid
1-phenylethanol
2,3-butanediol
2,4-diaminobutyric acid
2,6-diaminopimelic acid
2-aminoadipic acid
2-aminophenylacetic acid
2-hydroxybutyric acid
2-hydroxycinnamic acid
2-hydroxyisobutyric acid
2-isopropylmalic acid
2-methyloctadecanoic acid
2-oxoadipic acid
2-oxobutyric acid
2-oxoglutaric acid
2-oxovaleric acid
2-phosphoenolpyruvic acid
2-phosphoglyceric acid
3,5-diiodo-L-tyrosine
3-hydroxybenzoic acid
3-hydroxydecanoic acid
3-hydroxyoctanoic acid
3-methyl-2-oxopentanoic acid
3-oxoadipic acid
4-aminobenzoic acid
4-amino-butyric acid (GABA)
4-hydroxycinnamic acid
4-hydroxyphenylacetic acid
4-hydroxyphenylethanol
4-methyl-2-oxopentanoic acid
5-hydroxy-L-lysine
Dodecanoic acid (C12_0)
Docosapentaenoic acid (DPA)
Erucic acid (C22_1n-9c)
Ethylenediaminetetraacetic acid
Eicosapentaenoic acid (EPA)
Ferulic acid

5-hydroxymethyl-2-furaldehyde
5-methyltryptophan
5-oxotetrahydrofuran-2-carboxylic acid
9-heptadecenoic acid (C17_1n-8t)
Adipic acid
Adrenic acid (C22_4n-6,9,12,15c)
Alanine
alpha-linolenic acid
Anthranilic acid
Arachidic acid (C20_0)
Arachidonic acid
Asparagine
Aspartic acid
Azelaic acid
Behenic acid (C22_0)
Benzoic acid
beta-alanine
beta-citryl-L-glutamic acid
beta-methylamino-alanine
Butylated hydroxy toluene
bishomo-gamma-linolenic acid
Caffeine
cis-4-hydroxyproline
cis-aconitic acid
cis-vaccenic acid (C18_1n-7c)
Citraconic acid
Citramalic acid
Citric acid
Citric acid secondary peak
Creatinine
Cystathionine
Cysteine
Dibutyl phthalate (DBP)
Decanoic acid (C10_0)
cis-4,7,10,13,16,19-Docosahexaenoic acid (DHA)
Dodecane
Nicotinamide
Nicotinic acid
Nonacosane
Nonadecanoic acid (C19_0)
Norvaline
O-acetylserine
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Fumaric acid
gamma-linolenic acid
Glutamic acid
Glutamine
Glutaric acid
Glutathione
Glyceric acid
Glycerol
Glycine
Glyoxylic acid
Gondoic acid (C20_1n-9c)
Heneicosanoic acid (C21_0)
Heptadecane
Heptadecanoic (Margaric) acid (C17_0)
Hexanoic acid (C6_0)
Hippuric acid
Histidine
Homocysteine
Indole-3-butyric acid
Isocitric acid
Isocitric acid secondary peak
Isoleucine
Itaconic acid
Lactic acid
Leucine
Levulinic acid
Lignoceric acid (C24_0)
Linoleic acid (C18_2n-6,9c)
Lysine
Malic acid
Malonic acid
Methionine
Myristic acid (C14_0)
Myristoleic acid (C14_1n-5c)
N-Acetylcysteine
N-Acetylglutamic acid
Nicotinamide adenine dinucleotide phosphate
(NADP/NADPH)
N-alpha-acetyllysine
Nervonic acid (C24_1n-9c)
Undecanoic acid (C11_0)
Valine
Vanillic acid

Octadecanoic (Stearic) acid (C18_0)
Octanoic acid (C8_0)
Oleic acid (C18_1n-9c)
Ornithine
Oxalic acid
Oxaloacetic acid
Palmitic acid (C16_0)
Palmitoleic acid (C16_1n-7c)
p-toluic acid
Pentadecane
Pentadecanoic acid (C15_0)
Phenethyl acetate
Phenylalanine
Pimelic acid
Proline
Putrescine
Pyroglutamic acid
Pyruvic acid
Quinic acid
S-adenosylhomocysteine
S-adenosylmethionine
Salicylic acid
Sebacic acid
Serine
Sinapic acid
Suberic acid
Succinic acid
Syringic acid
Tartaric acid
Thiamine
Threonine
trans-4-Hydroxyproline
trans-Cinnamic acid
Tricosane
Tricosanoic acid (C23_0)
Tridecane
Tridecanoic acid (C13_0)
Tryptophan
Tyrosine
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2. 32 known metabolites detected for the 18 month old plasma GC-MS
experiment using the original automated analysis pipeline
2-hydroxybutyric acid
3-methyl-2-oxopentanoic acid
Alanine
Arachidonic acid
Aspartic acid
cis-aconitic acid
Citric acid
gamma-linolenic acid
Glutamic acid
Glycine
Heptadecanoic (Margaric) acid
Isoleucine
Lactic acid
Leucine
Linoleic acid
Malonic acid
Methionine
Myristic acid
N2-acetyl-L-lysine
Octadecanoic (Stearic) acid
Oleic acid
Palmitic acid
Palmitoleic acid
Pentadecanoic acid
Phenylalanine
Proline
Quinic acid
Succinic acid
Threonine
trans-9-heptadecenoic acid
Tyrosine
Valine
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3. Known metabolites detected for the 3 year old plasma GC-MS
experiment
38 metabolites detected by the original automated analysis pipeline (∆ trans-vaccenic acid was
removed)
8 extra metabolites detected by manual integration
*2 extra metabolites detected by the new automated analysis pipeline
2-aminoadipic acid
2-hydroxybutyric acid
2-oxoglutaric acid
3-methyl-2-oxopentanoic acid
4-hyrdoxy-L-proline*
4-methyl-2-oxopentanoic acid
Alanine
Arachidic acid*
Arachidonic acid
Aspartic acid
Benzoic acid
cis-4,7,10,13,16,19-Docosahexaenoic acid (DHA)
cis-aconitic acid
Citric acid
Cysteine
Decanoic acid
Dodecanoic (Lauric) acid
gamma-linolenic acid
Glutamic acid
Glycine
Heptadecanoic (Margaric) acid
Hippuric acid
Histidine
Isoleucine
Lactic acid
Leucine
Linoleic acid
L-Ornithine
Lysine
Methionine
Myristic acid
N2-acetyl-L-lysine
Octadecanoic (Stearic) acid
Oleic acid
Palmitic acid
Palmitoleic acid
Pentadecanoic acid

Phenylalanine
Proline
Pyroglutamic acid
Quinic acid
Serine
Succinic acid
Threonine
trans-9-heptadecenoic acid
trans-vaccenic acid∆
Tyrosine
Tryptophan
Valine
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4. 54 known metabolites detected for the 6 month old liver GC-MS
experiment using the new automated analysis pipeline
*removed from analysis due to poor replication
2-aminoadipic acid
2-hydroxybutyric acid
4-amino-butyric acid (GABA)
Alanine
Arachidonic acid
Asparagine
Aspartic acid
Benzoic acid*
beta-alanine
cis-4,7,10,13,16,19-docosahexaenoic acid (DHA)
cis-8,11,14-eicosatrienoic acid (DGLA)
Citric acid
Creatinine
Cysteine
Dodecanoic (Lauric) acid
Fumaric acid
gamma-linolenic acid
Glutamic acid
Glutamine
Glutathione
Glycine
Glyoxylic acid
Heptadecanoic (Margaric) acid
Hippuric acid
Histidine
Isoleucine
Lactic acid
Leucine
Linoleic acid
L-Ornithine
Lysine
Methionine
Myristic acid
N2-acetyl-L-lysine
N-acetyl-glutamic acid
Nicotinic acid*
Octadecanoic (Stearic) acid
Oleic acid
Oxalic acid
Palmitic acid
Palmitoleic acid

Pentadecanoic acid
Phenylalanine
Proline
p-toluic acid
Pyroglutamic acid
Quinic acid
Serine
Succinic acid
Threonine
trans-9-heptadecenoic acid
Tryptophan
Tyrosine
Valine
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5. 58 known metabolites detected for the 6 month old cerebellum GC-MS
experiment using the new automated analysis pipeline
*removed from analysis due to poor replication
1-aminocyclopropane-1-carboxylic acid *
2-aminoadipic acid
2-hydroxybutyric acid
4-amino-butyric acid (GABA)
4-hydroxy-L-proline *
5-oxotetrahydrofyran-2-carboxylic acid
Alanine
Arachidic acid
Arachidonic acid
Asparagine
Aspartic acid
beta-alanine
cis-4,7,10,13,16,19-docosahexaenoic acid (DHA)
cis-8,11,14-eicosatrienoic acid (DGLA)
cis-aconitic acid
Citric acid
Cysteine
Decanoic acid
Dodecanoic (Lauric) acid
Glutamic acid
Glutamine MCF derivative
Glutathione
Glycine
Glyoxylic acid *
Heptadecanoic (Margaric) acid
Hexanoic acid
Histidine
Isoleucine
Lactic acid
L-Cystathionine
Leucine
Levulinic acid
L-Ornithine
Lysine
Malonic acid
Myristic acid
N2-acetyl-L-lysine
N-acetyl-glutamic acid
Nicotinic acid *
Octadecanoic (Stearic) acid
Octanoic acid

Oleic acid
Oxalic acid
Palmitic acid
Palmitoleic acid
Pentadecanoic acid
Phenylalanine
Proline
p-toluic acid
Pyroglutamic acid
Quinic acid*
Serine
Succinic acid
Threonine
trans-9-heptadecenoic acid
Tryptophan
Tyrosine
Valine
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6. 57 known metabolites detected for the 6 month old motor cortex GCMS experiment using the new automated analysis pipeline
*removed from analysis due to poor replication
2-aminoadipic acid
2-hydroxybutyric acid
4-amino-butyric acid (GABA)
5-oxotetrahydrofyran-2-carboxylic acid
Adipic acid
Alanine
Arachidic acid
Arachidonic acid
Asparagine
Aspartic acid
Behenic acid
beta-alanine
cis-11-eicosenoic acid
cis-8,11,14-eicosatrienoic acid (DGLA)
cis-aconitic acid
Citric acid
Creatinine
Cysteine
cis-4,7,10,13,16,19-docosahexaenoic acid (DHA)
Dodecanoic (Lauric) acid
Glutamic acid
Glutamine
Glutathione
Glycine
Glyoxylic acid
Heptadecanoic (Margaric) acid
Hexanoic acid
Histidine
Isoleucine
Lactic acid
L-Cystathionine
Leucine
L-Ornithine
Lysine
Malonic acid
Myristic acid
N2-acetyl-L-lysine
N-acetyl-glutamic acid
Nicotinic acid*
Octadecanoic (Stearic) acid
Oleic acid

Oxalic acid
Palmitic acid
Palmitoleic acid
Pentadecanoic acid
Phenylalanine
Proline
p-toluic acid
Putrescine
Pyroglutamic acid
Quinic acid
Serine
Succinic acid
Threonine
Tryptophan
Tyrosine
Valine

253

Appendix II

7. Pair-wise metabolite abundance correlations

A. ‘Shared’ metabolite abundance correlations (r>0.9 / < -0.9 in WT and OVT73) in
the 3 year old plasma GC-MS dataset
Metabolite pair
4-methyl-2-oxopentanoic acid
Citric acid
Leucine
Palmitic acid
Valine

3-methyl-2-oxopentanoic acid
cis-aconitic acid
Isoleucine
Oleic acid
Leucine

WT
correlation (r)
0.953
0.9743
0.9667
0.9082
0.9373

OVT73
correlation (r)
0.9365
0.9472
0.9651
0.9584
0.9062

B. ‘Shared’ pair-wise metabolite abundance correlations (r>0.9 / < -0.9 in WT and
OVT73) in the 6 month old liver GC-MS dataset
Metabolite pair
Histidine
Leucine
Linoleic acid
Linoleic acid
N-acetyl-glutamic acid
Octadecanoic acid
Palmitic acid
Palmitic acid
Phenylalanine
Phenylalanine
Phenylalanine
Quinic acid
Quinic acid
Tyrosine
Tyrosine
Tyrosine
Valine
Valine

glutamine
Isoleucine
DGLA
gamma-linolenic acid
Glyoxylic acid
Linoleic acid
Linoleic acid
Octadecanoic acid
Isoleucine
Leucine
Oxalic acid
Arachidonic acid
DGLA
Histidine
Oxalic acid
Phenylalanine
Isoleucine
Leucine

WT
correlation (r)
0.9511
0.9896
0.9598
0.943
0.909
0.9498
0.9524
0.9443
0.9505
0.9526
0.9526
0.9013
0.9202
0.9797
0.9661
0.9813
0.9718
0.9433

OVT73
correlation (r)
0.9065
0.9453
0.9351
0.9544
0.958
0.945
0.9798
0.9507
0.9096
0.9414
0.9316
0.9783
0.9605
0.9186
0.9537
0.9383
0.9491
0.9258
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C. ‘Shared’ pair-wise metabolite abundance correlations (r>0.9 / < -0.9 in WT and
OVT73) in the 6 month old cerebellum GC-MS dataset

Metabolite pair
Alanine
DGLA
DGLA
DHA
Heptadecanoic acid
Heptadecanoic acid
Histidine
Lactic acid
Leucine
Lysine
Lysine
Lysine
Myristic acid
Oleic acid
Oxalic acid
Palmitic acid
Palmitic acid
Palmitic acid
Palmitic acid
Palmitic acid
Palmitic acid
Palmitoleic acid
Palmitoleic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Phenylalanine
Phenylalanine
Phenylalanine
Proline
Serine
Succinic acid
Succinic acid
Succinic acid
trans-9-heptadecenoic

5-oxotetrahydrofyran-2-carboxylic
acid
Arachidonic acid
DHA
Arachidonic acid
DGLA
DHA
glutathione
Glutamic acid
Isoleucine
Alanine
Isoleucine
Leucine
Heptadecanoic acid
Octadecanoic acid
Alanine
Arachidonic acid
DHA
Heptadecanoic acid
Myristic acid
N-acetyl-glutamic acid
Octadecanoic acid
Heptadecanoic acid
Myristic acid
Heptadecanoic acid
Myristic acid
Palmitoleic acid
Alanine
Isoleucine
Leucine
Alanine
Aspartic acid
5-oxotetrahydrofyran-2-carboxylic
acid
Alanine
Proline
heptadecanoic acid

WT
correlation (r)
0.9545

OVT73
correlation (r)
0.9413

0.9599
0.9201
0.9821
0.9295
0.9812
0.9051
0.9819
0.9706
0.9508
0.9848
0.9814
0.9842
0.9941
0.9528
0.9356
0.9795
0.9468
0.9062
0.9071
0.9378
0.9623
0.9798
0.9514
0.9688
0.9331
0.9392
0.9316
0.9318
0.9659
0.9099
0.9042

0.9121
0.9218
0.993
0.9405
0.9023
0.9178
0.9238
0.9838
0.9048
0.9249
0.9214
0.942
0.9749
0.9435
0.9397
0.9678
0.9202
0.9093
0.9313
0.9504
0.9245
0.9765
0.9661
0.9414
0.9183
0.9328
0.9307
0.9339
0.9427
0.9405
0.9408

0.984
0.9294
0.9554

0.9257
0.9221
0.9491
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acid
trans-9-heptadecenoic
acid
trans-9-heptadecenoic
acid
Valine
Valine
Valine

Myristic acid

0.915

0.9292

Palmitoleic acid

0.9264

0.9255

Isoleucine
Leucine
Lysine

0.9655
0.9438
0.9747

0.9807
0.9449
0.9536
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D. ‘Shared’ pair-wise metabolite abundance correlations (r>0.9 / < -0.9 in WT and
OVT73) in the 6 month old motor cortex GC-MS dataset
Metabolite pair
WT correlation (r) HD correlation (r)
Alanine
4-amino-butyric acid (GABA)
0.905
0.9416
Behenic acid
Arachidic acid
0.9949
0.9906
cis-11-eicosenoic acid
Arachidic acid
0.997
0.9927
cis-11-eicosenoic acid
Behenic acid
0.9919
0.9763
DGLA
Arachidic acid
0.993
0.9796
DGLA
Arachidonic acid
0.9952
0.9255
DGLA
Behenic acid
0.985
0.9835
DGLA
cis-11-eicosenoic acid
0.9932
0.9807
DGLA
DHA
0.9729
0.9343
DHA
Arachidonic acid
0.9858
0.9859
Glycine
Aspartic acid
0.9324
0.9612
Glycine
beta-alanine
0.9707
0.9051
Heptadecanoic acid
Arachidic acid
0.9904
0.9597
Heptadecanoic acid
Arachidonic acid
0.9899
0.9632
Heptadecanoic acid
Behenic acid
0.9824
0.9473
Heptadecanoic acid
cis-11-eicosenoic acid
0.9923
0.9597
Heptadecanoic acid
DGLA
0.9957
0.9756
Heptadecanoic acid
DHA
0.9648
0.9739
Isoleucine
Glutathione
0.9204
0.9337
Leucine
Glutathione
0.9264
0.9569
Leucine
Isoleucine
0.989
0.9875
L-Ornithine
4-amino-butyric acid (GABA)
0.9222
0.9116
Lysine
glutamine
0.9671
0.9429
Myristic acid
Arachidic acid
0.968
0.944
Myristic acid
Arachidonic acid
0.9794
0.9615
Myristic acid
Behenic acid
0.9566
0.9347
Myristic acid
cis-11-Eicosenoic acid
0.9732
0.9441
Myristic acid
DGLA
0.9869
0.9723
Myristic acid
DHA
0.9426
0.9787
Myristic acid
Heptadecanoic acid
0.9908
0.99
N-acetyl-glutamic acid
Aspartic acid
0.9594
0.9146
N-acetyl-glutamic acid
beta-Alanine
0.9522
0.9378
N-acetyl-glutamic acid
Glycine
0.9433
0.9375
Octadecanoic acid
DHA
0.9876
0.903
Oleic acid
DGLA
0.9632
0.9179
Oleic acid
DHA
0.9715
0.9111
Oleic acid
Heptadecanoic acid
0.9721
0.9022
Oleic acid
Myristic acid
0.9627
0.9084
Oleic acid
Octadecanoic acid
0.9894
0.9639
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Oxalic acid
Palmitic acid
Palmitic acid
Palmitic acid
Palmitic acid
Palmitic acid
Palmitic acid
Palmitic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Phenylalanine
Phenylalanine
Proline
Proline
Proline
Proline
Proline
Putrescine
Succinic acid
Valine
Valine
Valine

glutamine
Arachidonic acid
DGLA
DHA
Heptadecanoic acid
Myristic acid
Octadecanoic acid
Oleic acid
Arachidic acid
Arachidonic acid
Behenic acid
cis-11-eicosenoic acid
DGLA
DHA
Heptadecanoic acid
Myristic acid
Oleic acid
Palmitic acid
Arachidic acid
Arachidonic acid
Behenic acid
cis-11-eicosenoic acid
DGLA
DHA
Heptadecanoic acid
Myristic acid
Palmitic acid
Palmitoleic acid
Glutathione
Leucine
beta-alanine
glutamine
Glycine
Oxalic acid
Phenylalanine
Oxalic acid
4-amino-butyric acid (GABA)
Isoleucine
Leucine
Lysine

0.964
0.9772
0.9649
0.9777
0.9699
0.9635
0.9916
0.9981
0.9762
0.9828
0.9717
0.9823
0.9926
0.943
0.9933
0.9945
0.9566
0.9551
0.9819
0.984
0.9755
0.987
0.9933
0.9495
0.9977
0.9961
0.962
0.9979
0.9449
0.966
0.9385
0.9038
0.9394
0.9256
0.9745
0.923
0.9227
0.947
0.9698
0.9263

0.9424
0.9327
0.9113
0.9696
0.9288
0.9346
0.9788
0.9708
0.9479
0.961
0.9544
0.944
0.9859
0.9733
0.982
0.991
0.9307
0.95
0.9363
0.9724
0.9165
0.9421
0.9576
0.9804
0.9961
0.9873
0.9237
0.9716
0.9143
0.9343
0.9299
0.9354
0.97
0.9091
0.9397
0.9088
0.9256
0.9248
0.9324
0.9112
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E. ‘Shared’ metabolite abundance correlations (r>0.9 / < -0.9 in WT and OVT73) across 6 month old liver, cerebellum, motor
cortex and 3 year old plasma GC-MS datasets.
NA = Not applicable. The correlation did not have a coefficient >0.9 / < -0.9 in WT and OVT73 groups.

metabolite pair
DHA
Arachidonic acid
DGLA
Arachidonic acid
DGLA
DHA
Heptadecanoic acid DHA
Heptadecanoic acid DGLA
Leucine
Isoleucine
Myristic acid
Heptadecanoic acid
Oleic acid
Octadecanoic acid
Palmitic acid
Arachidonic acid
Palmitic acid
DHA
Palmitic acid
Heptadecanoic acid
Palmitic acid
Myristic acid
Palmitic acid
Octadecanoic acid
Palmitic acid
Oleic acid
Palmitoleic acid
Heptadecanoic acid
Palmitoleic acid
Myristic acid
Pentadecanoic acid
Heptadecanoic acid
Pentadecanoic acid
Myristic acid
Pentadecanoic acid
Palmitoleic acid
Phenylalanine
Leucine

6 month old motor
cortex correlations
(r)
WT
OVT73
0.9858
0.9859
0.9952
0.9255
0.9729
0.9343
0.9648
0.9739
0.9957
0.9756
0.989
0.9875
0.9908
0.99
0.9894
0.9639
0.9772
0.9327
0.9777
0.9696
0.9699
0.9288
0.9635
0.9346
0.9916
0.9788
0.9981
0.9708
0.9933
0.982
0.9945
0.991
0.9977
0.9961
0.9961
0.9873
0.9979
0.9716
0.966
0.9343

6 month old
cerebellum
correlations (r)
WT
OVT73
0.9821
0.993
0.9599
0.9121
0.9201
0.9218
0.9812
0.9023
0.9295
0.9405
0.9706
0.9838
0.9842
0.942
0.9941
0.9749
0.9356
0.9397
0.9795
0.9678
0.9468
0.9202
0.9062
0.9093
0.9378
0.9504
NA
NA
0.9623
0.9245
0.9798
0.9765
0.9514
0.9661
0.9688
0.9414
0.9331
0.9183
0.9318
0.9339

6 month old liver
correlations (r)
WT
NA
NA
NA
NA
NA
0.9896
NA
NA
NA
NA
NA
NA
0.9443
NA
NA
NA
NA
NA
NA
0.9526

OVT73
NA
NA
NA
NA
NA
0.9453
NA
NA
NA
NA
NA
NA
0.9507
NA
NA
NA
NA
NA
NA
0.9414

3 year old plasma
correlations (r)
WT
NA
NA
NA
NA
NA
0.9667
NA
NA
NA
NA
NA
NA
NA
0.9082
NA
NA
NA
NA
NA
NA

OVT73
NA
NA
NA
NA
NA
0.9651
NA
NA
NA
NA
NA
NA
NA
0.9584
NA
NA
NA
NA
NA
NA
259

Appendix II

Valine
Valine
Valine

Isoleucine
Leucine
Lysine

0.947
0.9698
0.9263

0.9248
0.9324
0.9112

0.9655
0.9438
0.9747

0.9807
0.9449
0.9536

0.9718
0.9433
0.9747

0.9491
0.9258
0.9536

NA
0.9373
NA

NA
0.9062
NA
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Appendix III
1. 50 known metabolites detected for the 5 year old cerebellum GC-MS experiment.

2. 37 known metabolites detected for the 5 year old hippocampus GC-MS experiment.

3. 48 known metabolites detected for the 5 year old motor cortex GC-MS experiment.

4. 48 known metabolites detected for the 5 year old liver GC-MS experiment.

5. Sex differences in metabolite abundance for 5 year old liver and cerebellum GC-MS datasets
(Table).

6. 80 metabolite pairs with a ‘shared’ metabolite abundance correlation (r>0.9/<-0.9 in WT and
OVT73) groups in common between 5 year old cerebellum and motor cortex GC-MS datasets
(Table).

7. Strong pair-wise metabolite abundance correlations (r>0.9/<-0.9) in common between WT and
OVT73 in the 5 year old cerebellum GC-MS datasets (Table).
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1. 50 known metabolites detected for the 5 year old cerebellum GC-MS
experiment
2-aminoadipic acid
2-methyloctadecanoic acid
4-amino-n-butyric acid (GABA)
Alanine
Arachidic acid
Arachidonic acid
Aspartic acid
Behenic acid
Benzoic acid
beta-Alanine
cis-11,14-eicosadienoic acid
cis-11-eicosenoic acid
DHA
DGLA
Citric acid
Cysteine
Dodecanoic (Lauric) acid
Erucic acid
Glutamic acid
Glutathione
Glycine
Heneicosanoic acid
Heptadecanoic (Margaric) acid
Hexanoic acid
Isoleucine
Lactic acid
Leucine
Lignoceric acid
Lysine
Myristic acid
N-acetyl-glutamic acid
Nervonic acid
Nicotinic acid
Octadecanoic (Stearic) acid
Oleic acid
Oxalic acid
Palmitic acid

Palmitoleic acid
Pentadecanoic acid
Phenylalanine
Proline
p-toluic acid
Pyroglutamic acid
Quinic acid
Serine
Succinic acid
Threonine
trans-9-heptadecenoic acid
Tricosanoic acid
Tyrosine
Valine
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2. 37 known metabolites detected for the 5 year old hippocampus GC-MS
experiment
2-aminoadipic acid
4-amino-butyric acid (GABA)
Alanine
Arachidic acid
Arachidonic acid
Aspartic acid
cis-11-eicosenoic acid
DHA
DGLA
Citric acid
Creatinine
Cysteine
Glutamic acid
Glutathione
Glycine
Heptadecanoic (Margaric) acid
Isoleucine
Lactic acid
Leucine
Lysine
Myristic acid
Octadecanoic (Stearic) acid
Oleic acid
Oxalic acid
Palmitic acid
Palmitoleic acid
Pentadecanoic acid
Phenylalanine
Proline
p-toluic acid
Pyroglutamic acid
Quinic acid
Serine
Succinic acid
Threonine
Tyrosine
Valine
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3. 48 known metabolites detected for the 5 year old motor cortex GC-MS
experiment
2-aminoadipic acid
4-amino-butyric acid (GABA)
Alanine
Arachidic acid
Arachidonic acid
Aspartic acid
Behenic acid
beta-Alanine
cis-11,14-eicosadienoic acid
cis-11-eicosenoic acid
DHA
DGLA
Citric acid
Creatinine
Cysteine
Dodecanoic (Lauric) acid
Erucic acid
Glutamic acid
Glutathione
Glycine
Heptadecanoic (Margaric) acid
Hexanoic acid
Histidine
Isoleucine
Lactic acid
L-Cystathionine
Leucine
L-Ornithine
Lysine
Myristic acid
N-acetyl-glutamic acid
Nicotinic acid
Octadecanoic (Stearic) acid
Oleic acid
Palmitic acid
Palmitoleic acid
Pentadecanoic acid
Phenylalanine
Proline
p-toluic acid
Pyroglutamic acid
Quinic acid
Serine

Succinic acid
Threonine
trans-9-heptadecenoic acid
Tyrosine
Valine
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4. 48 known metabolites detected for the 5 year old liver GC-MS
experiment
2-aminoadipic acid
2-hydroxybutyric acid
Alanine
Arachidic acid
Arachidonic acid
Asparagine
Aspartic acid
Benzoic acid
DHA
DGLA
Citric acid
Creatinine
Cysteine
Dodecanoic (Lauric) acid
gamma-linolenic acid
Glutamic acid
Glutathione
Glycine
Glyoxylic acid
Heptadecanoic (Margaric) acid
Hippuric acid
Histidine
Isoleucine
Lactic acid
Leucine
Linoleic acid
L-Ornithine
Lysine
Methionine
Myristic acid
Nicotinic acid
Octadecanoic (Stearic) acid
Oleic acid
Oxalic acid
Palmitic acid
Palmitoleic acid
Pentadecanoic acid
Phenylalanine
Proline
p-toluic acid
Pyroglutamic acid
Quinic acid
Serine

Succinic acid
Threonine
trans-9-heptadecenoic acid
Tyrosine
Valine
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5. 5. Sex differences in metabolite abundance for 5 year old liver and
cerebellum GC-MS datasets
*Significant at a Bonferroni-corrected level (p<0.001, Standard least squares model)
Metabolite
Liver
Proline
L-Ornithine
Glutamic acid
Valine
Lysine
Methionine
Alanine
Tyrosine
Isoleucine
Phenylalanine
Histidine
Aspartic acid
Lactic acid
Leucine
Glyoxylic acid
Cysteine
Pyroglutamic acid
Cerebellum
Aspartic acid
2-aminoadipic acid
Glutamic acid
Lactic acid
p-toluic acid
Quinic acid
4-amino-butyric acid (GABA)

Ram vs. Ewe
(% difference)

p-value

+44.8
+87.2
+30.0
+35.6
+79.5
+45.4
+35.2
+47.4
+30.2
+44.6
+72.5
+36.7
-21.4
+23.8
-21.8
+54.2
+25.9

0.0002*
0.0003*
0.0007*
0.001
0.001
0.0013
0.0017
0.0017
0.0024
0.0043
0.0049
0.0058
0.0091
0.0099
0.0132
0.0142
0.0212

-47.5
-49.8
-38.1
-34.8
-33.8
-31.6
-30.9

0.0011
0.0024
0.0069
0.0125
0.026
0.0402
0.0407
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6. 80 metabolite pairs with a ‘shared’ metabolite abundance correlation
(r > 0.9/<-0.9 in WT and OVT73) in common between 5 year old
cerebellum and motor cortex GC-MS datasets
Metabolite pair
Arachidonic acid
Arachidic acid
Behenic acid
Arachidic acid
Behenic acid
Arachidonic acid
cis-11,14-eicosadienoic acid Arachidic acid
cis-11,14-eicosadienoic acid Arachidonic acid
cis-11,14-eicosadienoic acid Behenic acid
cis-11,14-eicosadienoic acid cis-11-eicosenoic acid
cis-11-eicosenoic acid
Arachidic acid
cis-11-eicosenoic acid
Arachidonic acid
cis-11-eicosenoic acid
Behenic acid
DHA
Arachidic acid
DHA
Arachidonic acid
DHA
Behenic acid
DHA
cis-11,14-eicosadienoic acid
DGLA
Arachidic acid
DGLA
Arachidonic acid
DGLA
Behenic acid
DGLA
cis-11,14-eicosadienoic acid
DGLA
DHA
Erucic acid
Arachidic acid
Erucic acid
Arachidonic acid
Erucic acid
Behenic acid
Erucic acid
cis-11,14-eicosadienoic acid
Erucic acid
cis-11-eicosenoic acid
Erucic acid
DHA
Erucic acid
DGLA
Glutamic acid
Aspartic acid
Heptadecanoic acid
Arachidic acid
Heptadecanoic acid
Arachidonic acid
Heptadecanoic acid
Behenic acid
Heptadecanoic acid
cis-11,14-eicosadienoic acid
Heptadecanoic acid
DGLA
Heptadecanoic acid
Erucic acid
Lactic acid
Glutamic acid
Myristic acid
Arachidic acid
Myristic acid
Arachidonic acid
Myristic acid
Behenic acid
Myristic acid
cis-11,14-eicosadienoic acid
Myristic acid
cis-11-eicosenoic acid
Myristic acid
DGLA
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Myristic acid
Myristic acid
Octadecanoic acid
Octadecanoic acid
Octadecanoic acid
Octadecanoic acid
Octadecanoic acid
Octadecanoic acid
Oleic acid
Palmitic acid
Palmitic acid
Palmitic acid
Palmitic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Palmitoleic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Pentadecanoic acid
Serine
trans-9-heptadecenoic acid
trans -9-heptadecenoic acid
trans -9-heptadecenoic acid
trans -9-heptadecenoic acid
trans -9-heptadecenoic acid
trans 9-heptadecenoic acid
trans -9-heptadecenoic acid
trans -9-heptadecenoic acid
trans -9-heptadecenoic acid

Erucic acid
Heptadecanoic acid
Arachidic acid
Arachidonic acid
Behenic acid
cis-11,14-eicosadienoic acid
cis-11-eicosenoic acid
Erucic acid
Octadecanoic acid
cis-11,14-eicosadienoic acid
cis-11-eicosenoic acid
Octadecanoic acid
Oleic acid
Arachidic acid
Arachidonic acid
cis-11,14-eicosadienoic acid
DHA
DGLA
Heptadecanoic acid
Myristic acid
Octadecanoic acid
Arachidic acid
Arachidonic acid
Behenic acid
cis-11,14-eicosadienoic acid
DGLA
Erucic acid
Heptadecanoic acid
Myristic acid
Palmitoleic acid
Citric acid
Arachidonic acid
cis-11,14-eicosadienoic acid
DGLA
Heptadecanoic acid
Myristic acid
Octadecanoic acid
Palmitic acid
Palmitoleic acid
Pentadecanoic acid
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7. ‘Shared’ metabolite abundance correlations (r>0.9/<-0.9 in WT and
OVT73) in the 5 year old cerebellum GC-MS dataset
Note that the only metabolites which had at least one ‘transgene-altered’ correlation were examined
for ‘shared’ correlations.

Glutamic acid
Glutathione
Glutathione
Hexanoic acid
Hexanoic acid
Lactic acid
Lactic acid
Oleic acid
Oleic acid
Phenylalanine
p-toluic acid
p-toluic acid
p-toluic acid
p-toluic acid
Pyroglutamic acid
Quinic acid
Quinic acid
Quinic acid
Quinic acid
Succinic acid
Succinic acid
Succinic acid
Threonine
Threonine
Tyrosine
Valine
Valine

Metabolite pair
Aspartic acid
Aspartic acid
Glutamic acid
Aspartic acid
Glutamic acid
Aspartic acid
Glutamic acid
Dodecanoic acid
Hexanoic acid
Cysteine
Aspartic acid
Glutamic acid
Hexanoic acid
Lactic acid
DGLA
Aspartic acid
Glutamic acid
Lactic acid
p-toluic acid
Hexanoic acid
Lactic acid
Oleic acid
N-acetyl-glutamic acid
Phenylalanine
Phenylalanine
DGLA
Pyroglutamic acid

WT correlation
0.9803
0.8863
0.8052
0.8581
0.8756
0.9439
0.9017
0.8892
0.8652
0.9263
0.9491
0.9745
0.9137
0.9114
0.9321
0.945
0.8983
0.9766
0.8905
0.8384
0.846
0.8519
0.9257
0.8655
0.8579
0.9776
0.8766

OVT73 correlation
0.9846
0.9644
0.9212
0.8399
0.9013
0.9236
0.952
0.9401
0.9578
0.9065
0.9493
0.9857
0.9565
0.9629
0.9793
0.8138
0.8794
0.9575
0.9285
0.9919
0.9787
0.9674
0.9535
0.8625
0.9532
0.8494
0.8686
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Appendix IV
1. pGEM®-T Easy cloning vector restriction map.

2. pCR®2.1-TOPO® cloning vector restriction map.

3. pUC57 cloning vector restriction map.

4. ZFN pair sequences.

5. 2D636Hdh genomic DNA reference sequence (2643 bp).

6. CMV-Pac construct plasmid.

7. OvHtt_100Q construct plasmid.

8. Primer sequences used in PCR to isolate sheep huntingtin gene fragments (Table).

9. Primer sequences used to detect donor construct integration in the sheep fibroblast cell line
(Table).

10. Donor construct plasmid.
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1. pGEM®-T Easy cloning vector restriction map

2. pCR®2.1-TOPO® cloning vector restriction map
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3. pUC57 cloning vector restriction map

4. Zinc finger nuclease recognition sites
Binding (upper case) and cut sites (lower case) for the three ZFN sets (provided by Sigma Aldrich)
on the sheep huntingtin gene were as follows:
PZFN1/PZFN2 (Set 1):

5’ CGCCATGGCGACCCTGGAaaagctGATGAAGGCcTTCGAG 3’

PZFN3/PZFN4 (Set 2):

5’ GGCCGCCATGGCGACCCTggaaaaGCTGATGAAGGC 3’

PZFN5/PZFN6 (Set 3):

5’ CAGGCCGCCATGgcgacCCTGGAAAAGCTGATGAA 3’
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5. 2D636Hdh genomic DNA reference sequence (2643 bp)
Start codon
1
51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2250
2301

CAGGAGCAAGACACCAGTGACAGCCCACACTCAGGGTGCTGCCAACCACA
GTACCTGACCGCCTGGAGCCCAGCCATTGTGCCTGCCCTGTGGACAAGGG
CTGTTATTATGTACATACCATCAGGGGACCGGGGCCCCAAGGCTGGTGGC
ATGTTTCTCTGAGGTCCTTGCCCTGAAGGTTGCCGTCGCTGTTCCCTTGG
GGACAAGGTTTCCTGCAGCAGTGCTGGGTTTCCACTCACCTGGCTGCTTT
GGGAAAACAGGCTCTGAAATCAGGCGGAGATGTGGCTTGTGGCCCAGAAC
AGGGGCCTTCTGGGGGGTCACCCACGTGCCACACCTCTGCTTGCTCAGGG
CCCCCCCTCCAGGTGGTGAGGCTCTGGAGCCTCGGGCCCGCCCACGCAGC
CGGCCTCAGCCAAGGAGCGGGACACTCTCCTGGGTCAGGCGGTCATGCCG
GTGGGGGTCCTCTGGGGCCAAAGCTGCTTCTCGCTATACCAGCCACGGCC
TCTCGGGGCAGCAGGCGCAGACCAGGCAGGTTCTGACCAGCCGTGCCAGC
CCCAGTCCCCTCGGTTCTTCCTCGGGCTGCGCAGGGGCCCTCCAGGGATG
TGCTAGTCTCCGGGGACCACACCTGGGCTCCACCTGAAAGTGCCCTGGCT
CCGCCCGAGGCCCGCCACATCCCCCTCCCTCCTCTGCAGGGCTGTCCCGC
GAGCTCTCCCTCCGCCCGGGACGCTGAGTGGGCAGGCTCCCTCGCGGGGT
CTCGGGCTCCGAGCCCGCGGGCGTCTTCCAGGGTCTACTCTCCTAGCGGG
TTCTTCGCACGCGAGCCGGAGGCGCACAACCGCAGCGCCCCGCCCCTCAC
CCCGCCCCGTTCCGCCCCTCACCCCGCCCCTCATTGCAGCGCCCCGCCCC
GTCGTCGCGTCCCGCCCTGTCCTCGCGCCCCGCCCTGTCCTCGCGCCCCG
CCCTGTCCTCGCGCCCCGCCCTGTCCTCGCGCCCCGCCCTGTCCTCGCGC
CCCGCCCTGTCCTCGCGCCCCGCCCTGTCCTCGCGCCCCGCCCTGTCCTC
GCGCCCCGCCCTGTCCTCGCGTCCCGCCCCTTCCCGCCGCGCCCCGCCCC
TCATCGCAGCACCCCGCCCCTTCCGCGGCGCGCCCCTAGTTCTCTCCTGC
GCGGAGCGCGCTGATGTCCGTGGCCTCGGCGGCTCCAGGAGGCGATACGG
CGGGCGCGGAGAGTCGGGCGGGCGCCGCGTCTGGCCATAGGTGGAGGCCT
CCGCCTCCGGCTGTCAATCCCGCCGGCCTGGCCCCGCCTCGCCCGACGGC
GGAGCGTCGCGGGGCGTAAGGCCGAGGGGGCTGCCGGGACAGACCCAAGA
TGGCCGGGCGCCTGCGTTCCGTTCCTGCCTTCGGCCCCGAGCCTCATTCA
TTGCCGCGCTGCTGAGCGGAGCCGCGAGCCAGCCCGAGGGCTCCGGGCGC
TGTCCCCGCGGGGCGGCAGGCCGCCATGGCGACCCTGGAAAAGCTGATGA
AGGCCTTCGAGTCCCTCAAATCCTTCCAGCAGCAGCAGCAGCAGCAGCAG
CAGCAGCCGCCTCCGCCGCCGCCTCAGCCTCCTCAGCCGCCGCCGCCGCC
GCAGGCGCAGCCGCCGCCTCAGCCGCCCCCGCCGCCGCCGCCGCCGCCGG
TTGGCCCTGCCGCGGCCGAGGAGCCGCTGCACCGACCGTGAGTGCTGACC
CGCCGCAGCTCGGCCCCAGCCCTCCCCGGCCTTCGCCAGCCTCCCGCAGA
GGCACGGAGGCGGCCCCGGCCCTCTGCCCTCCCGGCCGCCCCGTTTGGGG
AGGAACCGGGGTTGCGTCGTGAGCAGGACTCGGCCCAGCCGAGGCCGCGT
CCCCCCGCCCCCCCGCCCTCCTGCTCTGAGGGGAGCAGGGCTGCGCCTGG
GCGCTCCGCGAGGAGCCGGGAATTTGGAGCCAGAGTGATGCGGGGACAGT
GGTGACCTCATGCCCGGGGACGTCGGACTGGAGGGCGGGGGAGCGCGCGC
GGTCCAATGGGGAGCCTCTGGCGGGACCCGCTTTCAACAGCCCGGGAGTC
AGTCGGGCCTGTCTTCTCGCAGCCTCAGGGCTTTTCGTTTAGTTAGGGGG
TCGCTGCAGAAGAATGAAGTGTCGGGAAGAGACCGACTTGTCTCAGTTCT
AGTCGGTCTGCGGGCCCCTTAAATGAGCGGTGGTCGCCTTTAAGTGTGAA
CTTAGCCTAAATGGTTGTTATTAACACACAAGAATCAATAAGACGGACTG
CAGTACTGGGAAGACTGGACTGAAATTTATTGTTTGTCTGCAATTGGAAA
TAAATCACGGCTTGCTGAGGGAGAGGTTAATCGCTGGGGCGAGTGATGTG

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000
1050
1100
1150
1200
1250
1300
1350
1400
1450
1500
1550
1600
1650
1700
1750
1800
1850
1900
1950
2000
2050
2100
2150
2200
2250
2300
2350
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2351
2401
2451
2501
2551
2601

CATTGCACGTGCCTCGCAGTCACGCTGGCCGGAACCTGGATGGGTGTCTG
CGGACACCCTGTCGCAGACATTCTGGTACTGTTCGGTGCTTGTGCTAGGG
AGATTTTCGAAACCATAGAGACACCATTTGATGTCACTTTCTTACAGAGC
CCGAGTGCTTTTCCGTGAAGTCTGGGGTCTTCCGCAGAGGTCAGGGTGTG
CCCTTCAGGCCTTTCTTTCATGTTCGGGCATTTTATTTCTCATCTTGATC
TGTACAAGAGGGCATTTAATGAGGACAGTTTTCGGGAAGCAAC

2400
2450
2500
2550
2600
2643

6. CMV-Pac construct plasmid
The 1737 bp CMV-Pac construct consists of the puromycin N-Acetyl-transferase gene (Pac) under a
CMV promoter, flanked by LoxP sites and terminal BsteII restriction enzyme recognition sites. The
construct was synthesised by GenScript (Hong Kong) and cloned into pUC57 vector (total plasmid
size 4447 bp).
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CMV-Pac construct sequence:
Length: 1737 bp, Vector name: pUC57, Cloning site: EcoRV
BsteII sites
LoxP sites
1
51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701

GGTGACCATAACTTCGTATAGCATACATTATACGAAGTTATACGCGTGGA
GCTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATA
TATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGAC
CGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATA
GTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACG
GTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGC
CCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAG
TACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGT
CATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTG
GATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTC
AATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCG
TAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGG
AGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTAC
TGGCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTA
GCGTTTAAACTTAAGCTGATCCACTAGTCCAGTGTGGTGGAATTCGCCAT
GACCGAGTACAAGCCCACGGTGCGCCTCGCCACCCGCGACGACGTCCCCC
GGGCCGTACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGCCACGCGC
CACACCGTCGACCCGGACCGCCACATCGAGCGGGTCACAGAGCTGCAAGA
ACTCTTCCTCACGCGCGTCGGGCTCGACATCGGCAAGGTGTGGGTCGCGG
ACGACGGCGCCGCGGTGGCGGTCTGGACCACGCCGGAGAGCGTCGAAGCG
GGGGCGGTGTTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGAGCGGTTC
CCGGCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGC
CCAAGGAGCCCGCGTGGTTCCTGGCCACCGTCGGCGTCTCGCCCGACCAC
CAGGGCAAGGGTCTGGGCAGCGCCGTCGTGCTCCCCGGAGTGGAGGCGGC
CGAGCGCGCCGGGGTGCCCGCCTTCCTGGAGACCTCCGCGCCCCGCAACC
TCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACCGCCGACGTCGAGGTG
CCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCTGACG
CCCGCCCCACGACCCGCAGCGCCCGACCGAAAGGAGCGCACGACCCCATG
GCTCCGACCGAAGCCACCCGGGGCGGCCCCGCCGACCCCGCACCCGCCCC
CGAGGCCCACCGACTCTAGAGGGCCCGTTTAAACCCGCTGATCAGCCTCG
ACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCC
TTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATG
AGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGT
GGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAATAA
CTTCGTATAGCATACATTATACGAAGTTATGGTGACC

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000
1050
1100
1150
1200
1250
1300
1350
1400
1450
1500
1550
1600
1650
1700
1737
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7. OvHtt_100Q construct plasmid
The 1747 bp OvHtt_100Q construct consists of 100 CAG repeat units flanked upstream by 1 kb of
ovine huntingtin gene 5’UTR/upstream sequence terminating at an XhoI restriction enzyme site and
downstream by 436 bp ovine huntingtin intron 1 and a portion of CMV-Pac, terminating with a MluI
restriction enzyme site. The construct was synthesised by GenScript (Hong Kong) and cloned into
pUC57 vector (total plasmid size 4388 bp).
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OvHtt_100Q construct sequence:
Length: 1747 bp, Vector name: pUC57, Cloning site: EcoRI and HindIII
XhoI site
8x 18 bp 5’UTR/upstream sequence repeat unit
CAG repeat x 100 units
CMV-Pac
MluI site

1
51
101
151
201
251
301
351
401
451
501
551
601
651
5701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701

CTCGAGCAGGTTCTGACCAGCCGTGCCAGCCCCAGTCCCCTCGGTTCTTC
CTCGGGCTGCGCAGGGGCCCTCCAGGGATGTGCTAGTCTCCGGGGACCAC
ACCTGGGCTCCACCTGAAAGTGCCCTGGCTCCGCCCGAGGCCCGCCACAT
CCCCCTCCCTCCTCTGCAGGGCTGTCCCGCGAGCTCTCCCTCCGCCCGGG
ACGCTGAGTGGGCAGGCTCCCTCGCGGGGTCTCGGGCTCCGAGCCCGCGG
GCGTCTTCCAGGGTCTACTCTCCTAGCGGGTTCTTCGCACGCGAGCCGGA
GGCGCACAACCGCAGCGCCCCGCCCCTCACCCCGCCCCGTTCCGCCCCTC
ACCCCGCCCCTCATTGCAGCGCCCCGCCCCGTCGTCGCGTCCCGCCCTGT
CCTCGCGCCCCGCCCTGTCCTCGCGCCCCGCCCTGTCCTCGCGCCCCGCC
CTGTCCTCGCGCCCCGCCCTGTCCTCGCGCCCCGCCCTGTCCTCGCGCCC
CGCCCTGTCCTCGCGCCCCGCCCTGTCCTCGCGCCCCGCCCTGTCCTCGC
GTCCCGCCCCTTCCCGCCGCGCCCCGCCCCTCATCGCAGCACCCCGCCCC
TTCCGCGGCGCGCCCCTAGTTCTCTCCTGCGCGGAGCGCGCTGATGTCCG
TGGCCTCGGCGGCTCCAGGAGGCGATACGGCGGGCGCGGAGAGTCGGGCG
GGCGCCGCGTCTGGCCATAGGTGGAGGCCTCCGCCTCCGGCTGTCAATCC
CGCCGGCCTGGCCCCGCCTCGCCCGACGGCGGAGCGTCGCGGGGCGTAAG
GCCGAGGGGGCTGCCGGGACAGACCCAAGATGGCCGGGCGCCTGCGTTCC
GTTCCTGCCTTCGGCCCCGAGCCTCATTCATTGCCGCGCTGCTGAGCGGA
GCCGCGAGCCAGCCCGAGGGCTCCGGGCGCTGTCCCCGCGGGGCGGCAGG
CCGCCATGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAA
TCCTTCCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA
GCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC
AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG
CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA
GCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC
AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG
CAGCAGCCGCCTCCGCCGCCGCCTCAGCCTCCTCAGCCGCCGCCGCCGCC
GCAGGCGCAGCCGCCGCCTCAGCCGCCCCCGCCGCCGCCGCCGCCGCCGG
TTGGCCCTGCCGCGGCCGAGGAGCCGCTGCACCGACCGTGAGTGCTGACC
CGCCGCAGCTCGGCCCCAGCCCTCCCCGGCCTTCGCCAGCCTCCCGCAGA
GGCACGGAGGCGGCCCCGGCCCTCTGCCCTCCCGGCCGCCCCGTTTGGGG
AGGAACCGGGGTTGCGTCGTGAGCAGGACTCGGCCCAGCCGAGGCCGCGT
CCCCCCGCCCCCCCGCCCTCCTGCTCTGAGGGGAGCAGGGCTGCGCCTGG
GCGCTCCGCGAGGAGCCGGGAATTTGGAGCCAGAGTGATGCGGGGACAGT
GGTGACCATAACTTCGTATAGCATACATTATACGAAGTTATACGCGT
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8. Primer sequences used in PCR to isolate sheep huntingtin gene fragments
Primer name

Primer sequence (5’ – 3’)

Prom_3F (Fwd)
Exon1_1R (Rev)
Exon1_1F (Fwd)
Intron1_5R (Rev)
CTGn10 (Rev)
CTGn20 (Rev)
CAGn10 (Fwd)
CAGn20(Fwd)
CTGext (Rev)
MagicR (Rev)
Exon1_1R+10 (Rev)
Exon1_1R_20 (Rev)
Exon1_1R+30 (Rev)
Prom_1F (Fwd)

CAGGAGCAAGACACCAGTGA
GCCTTCATCAGCTTTTCCAG
CCCTGGAAAAGCTGATGAAG
GTTGCTTCCCGAAAACTGTC
CTGCTGCTGCTGCTGCTGCTGCTGCTGCTG
CTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTG
CAGCAGCAGCAGCAGCAGCAGCAGCAGCAG
CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG
CTGCTGCTGCTGCTGGAAGGATTTG
CTGCTGCTGCTGCTGCTGCTGGAAGGATTTGAGGGACTCGAAGGCCTTCATCAGCTTTTCCAG
GGACTCGAAGGCCTTCATCAGCTTTTCC
AGGATTTGAGGGACTCGAAGGCCTTC
TGCTGCTGGAAGGATTTGAGGGACTC
TGGCCCAGAACAGGGGCCTT

Location on
2D636Hdh
1-20
1485-1504
1483-1502
2624-2643
1527-1556
1527-1556
1527-1556
1527-1556
1517-1541
1485-1547
1487-1514
1499-1524
1509-1534
290-309

9. Primer sequences used to detect donor construct integration in the sheep fibroblast cell line
PCR
5’ integration
3’ integration
donor construct

Forward primer (5’-3’)
HKIUP_4F: 5’CTCGCTATACCAGCCACGG 3’
HKI_4F: 5’AGCCTCGACTGTGCCTTCTA 3’
Exon1_3F: 5’ CGTCGTGAGCAGGACTCG 3’

Reverse primer (5’-3’)
HKIUP_4R: 5’ATGGAAAGTCCCTATTGGCGT 3’
HKIDOWN_4R: 5’GACTCCTACCTCCACCGAGA 3’
Puro_3R: 5’AAGTCCCGTTGATTTTGGTG 3’

Amplicon
size (bp)
1965
1237
674
278
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10.Donor construct plasmid
The 8009 bp donor construct is the ligation product of OvHtt_100Q insert (4) and the OvHttDownPac clone (see chapter 7, section 7.6.2.1), following digestion within XhoI and MluI restriction
enzymes.
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Donor construct sequence:
Length: 4117 bp, Vector name: TOPO 2.1
8x 18 bp 5’UTR/upstream sequence repeat unit
CAG repeat x 100 units
CMV-Pac
MluI site
1
51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001

CAGGTTCTGACCAGCCGTGCCAGCCCCAGTCCCCTCGGTTCTTCCTCGGG
CTGCGCAGGGGCCCTCCAGGGATGTGCTAGTCTCCGGGGACCACACCTGG
GCTCCACCTGAAAGTGCCCTGGCTCCGCCCGAGGCCCGCCACATCCCCCT
CCCTCCTCTGCAGGGCTGTCCCGCGAGCTCTCCCTCCGCCCGGGACGCTG
AGTGGGCAGGCTCCCTCGCGGGGTCTCGGGCTCCGAGCCCGCGGGCGTCT
TCCAGGGTCTACTCTCCTAGCGGGTTCTTCGCACGCGAGCCGGAGGCGCA
CAACCGCAGCGCCCCGCCCCTCACCCCGCCCCGTTCCGCCCCTCACCCCG
CCCCTCATTGCAGCGCCCCGCCCCGTCGTCGCGTCCCGCCCTGTCCTCGC
GCCCCGCCCTGTCCTCGCGCCCCGCCCTGTCCTCGCGCCCCGCCCTGTCC
TCGCGCCCCGCCCTGTCCTCGCGCCCCGCCCTGTCCTCGCGCCCCGCCCT
GTCCTCGCGCCCCGCCCTGTCCTCGCGCCCCGCCCTGTCCTCGCGTCCCG
CCCCTTCCCGCCGCGCCCCGCCCCTCATCGCAGCACCCCGCCCCTTCCGC
GGCGCGCCCCTAGTTCTCTCCTGCGCGGAGCGCGCTGATGTCCGTGGCCT
CGGCGGCTCCAGGAGGCGATACGGCGGGCGCGGAGAGTCGGGCGGGCGCC
GCGTCTGGCCATAGGTGGAGGCCTCCGCCTCCGGCTGTCAATCCCGCCGG
CCTGGCCCCGCCTCGCCCGACGGCGGAGCGTCGCGGGGCGTAAGGCCGAG
GGGGCTGCCGGGACAGACCCAAGATGGCCGGGCGCCTGCGTTCCGTTCCT
GCCTTCGGCCCCGAGCCTCATTCATTGCCGCGCTGCTGAGCGGAGCCGCG
AGCCAGCCCGAGGGCTCCGGGCGCTGTCCCCGCGGGGCGGCAGGCCGCCA
TGGCGACCCTGGAAAAGCTGATGAAGGCCTTCGAGTCCCTCAAATCCTTC
CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA
GCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC
AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG
CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA
GCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC
AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG
CCGCCTCCGCCGCCGCCTCAGCCTCCTCAGCCGCCGCCGCCGCCGCAGGC
GCAGCCGCCGCCTCAGCCGCCCCCGCCGCCGCCGCCGCCGCCGGTTGGCC
CTGCCGCGGCCGAGGAGCCGCTGCACCGACCGTGAGTGCTGACCCGCCGC
AGCTCGGCCCCAGCCCTCCCCGGCCTTCGCCAGCCTCCCGCAGAGGCACG
GAGGCGGCCCCGGCCCTCTGCCCTCCCGGCCGCCCCGTTTGGGGAGGAAC
CGGGGTTGCGTCGTGAGCAGGACTCGGCCCAGCCGAGGCCGCGTCCCCCC
GCCCCCCCGCCCTCCTGCTCTGAGGGGAGCAGGGCTGCGCCTGGGCGCTC
CGCGAGGAGCCGGGAATTTGGAGCCAGAGTGATGCGGGGACAGTGGTGAC
CATAACTTCGTATAGCATACATTATACGAAGTTATACGCGTGGAGCTAGT
TATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGA
GTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCA
ACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACG
CCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAAC
TGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTA
TTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATG
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2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401
3451
3501
3551
3601
3651
3701
3751
3801
3851
3901
3951
4001
4051
4101

ACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGC
TATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGC
GGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGG
AGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAA
CTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCT
ATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTT
ATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTT
AAACTTAAGCTGATCCACTAGTCCAGTGTGGTGGAATTCGCCATGACCGA
GTACAAGCCCACGGTGCGCCTCGCCACCCGCGACGACGTCCCCCGGGCCG
TACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGCCACGCGCCACACC
GTCGACCCGGACCGCCACATCGAGCGGGTCACAGAGCTGCAAGAACTCTT
CCTCACGCGCGTCGGGCTCGACATCGGCAAGGTGTGGGTCGCGGACGACG
GCGCCGCGGTGGCGGTCTGGACCACGCCGGAGAGCGTCGAAGCGGGGGCG
GTGTTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGAGCGGTTCCCGGCT
GGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGCCCAAGG
AGCCCGCGTGGTTCCTGGCCACCGTCGGCGTCTCGCCCGACCACCAGGGC
AAGGGTCTGGGCAGCGCCGTCGTGCTCCCCGGAGTGGAGGCGGCCGAGCG
CGCCGGGGTGCCCGCCTTCCTGGAGACCTCCGCGCCCCGCAACCTCCCCT
TCTACGAGCGGCTCGGCTTCACCGTCACCGCCGACGTCGAGGTGCCCGAA
GGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCTGACGCCCGCC
CCACGACCCGCAGCGCCCGACCGAAAGGAGCGCACGACCCCATGGCTCCG
ACCGAAGCCACCCGGGGCGGCCCCGCCGACCCCGCACCCGCCCCCGAGGC
CCACCGACTCTAGAGGGCCCGTTTAAACCCGCTGATCAGCCTCGACTGTG
CCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTT
GACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAA
TTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTG
GGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAATAACTTCGT
ATAGCATACATTATACGAAGTTATGGTGACCTCATGCCCGGGGACGTCGG
ACTGGAGGGCGGGGGAGCGCGCGCGGTCCAATGGGGAGCCTCTGGCGGGA
CCCGCTTTCAACAGCCCGGGAGTCAGTCGGGCCTGTCTTCTCGCAGCCTC
AGGGCTTTTCGTTTAGTTAGGGGGTCGCTGCAGAAGAATGAAGTGTCGGG
AAGAGACCGACTTGTCTCAGTTCTAGTCGGTCTGCGGGCCCCTTAAATGA
GCGGTGGTCGCCTTTAAGTGTGAACTTAGCCTAAATGGTTGTTATTAACA
CACAAGAATCAATAAGACGGACTGCAGTACTGGGAAGACTGGACTGAAAT
TTATTGTTTGTCTGCAATTGGAAATAAATCACGGCTTGCTGAGGGAGAGG
TTAATCGCTGGGGCGAGTGATGTGCATTGCACGTGCCTCGCAGTCACGCT
GGCCGGAACCTGGATGGGTGTCTGCGGACACCCTGTCGCAGACATTCTGG
TACTGTTCGGTGCTTGTGCTAGGGAGATTTTCGAAACCATAGAGACACCA
TTTGATGTCACTTTCTTACAGAGCCCGAGTGCTTTTCCGTGAAGTCTGGG
GTCTTCCGCAGAGGTCAGGGTGTGCCCTTCAGGCCTTTCTTTCATGTTCG
GGCATTTTATTTCTCATCTTGATCTGTACAAGAGGGCATTTAATGAGGAC
AGTTTTCGGGAAGCAAC
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